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Abstract
My PhD is focused on the design, fabrication and optoelectronic applications of epsilon-
near-zero (ENZ) metamaterials (MMs), which have vanishing real part of the permittivity and
support fascinating optical effects, including light squeezing, sub-wavelength imaging, enhanced
directive emission and enhanced non-resonant optical nonlinearity. Different approaches have
been developed to realise ENZ media, such as tuning the modal dispersion in narrow plasmonic
channels, exploiting the natural dispersion of transparent conductive oxides and creating composite
structures with metals and dielectrics. As a platform with exotic physical properties, ENZ media
also exhibit enormous potentials in combination with tunability and various nanofeatures in the
photonic and plasmonic regimes.
This thesis demonstrates two approaches to achieve the ENZ condition. One method is to stack
metal (Ag) and dielectric (SiO2) layers periodically at sub-wavelength scales. The resulting material
behaves as an effective medium with an average permittivity close to zero, and we show that
this ENZ medium can enhance the emission of quantum dots. This approach generally requires
nanofabrication techniques developed for ﬂat and rigid substrates, for example, the electron beam
evaporation, which are not always applicable to micro- and macroscopic devices with arbitrary
shapes. To surpass these limitations, we design and experimentally demonstrate an optical free-
standing and low-loss ENZ membrane in the visible range, by layering polymer (SU-8) and Ag
nano-layers. Additionally, we propose a method to introduce both ﬂexibility and electrical tunability
into ENZ media by replacing the metal layer with a 2D material, graphene, in the multilayer model.
The other way to obtain an ENZ response is using natural materials which operate in prox-
imity of their plasma frequency, typically here the indium tin oxide (ITO) at the near-infrared
range. The ITO thin ﬁlms are deposited using radio frequency magnetron sputtering, and their
permittivities are manipulated via controlling fabrication parameters. We succeed in sweeping the
zero-permittivity frequency of ITO media by controlling the gas recipe and deposition temperature
during the sputtering process. To obtain speciﬁc optical responses, the ENZ ITO thin ﬁlms are
designed to be combined with different photonic features, including nanoantenna on microsphere
and nanohelix, associated with a direct fabrication approach based on electron beam induced
deposition (EBID).
Furthermore, this thesis extends the research range by realising the photonic trimming of
quantum emitters via various metallic nanofeatures fabricated directly using EBID method. We
believe that the interaction of ENZ MMs with EBID approach offers an opportunity to create hybrid
ENZ platforms for optoelectronic applications.
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Chapter 1
Introduction
This chapter brieﬂy introduces the main content of this thesis, addressing ﬁrst the historical develop-
ment of metamaterials (MMs) and epsilon-near-zero (ENZ) MMs, and types of ENZ structures, then
the typical light propagation with no spatial dispersion through ENZ media. This part also shows
speciﬁc applications of ENZ structures, such as non-diffraction imaging, enhanced directive emission
and nonlocal enhancement in nonlinear optics. The ﬁnal section outlines the structure of this thesis.
1.1 A historical overview of MMs and ENZ MMs
Photonic MMs are artiﬁcial materials typically consisting of sub-wavelength repeating patterns
and exhibiting peculiar properties[1, 2]. The preﬁx "meta" means "beyond" in Greek[3], and it
indicates that MMs exhibit physical properties which not present in natural materials. These unusual
properties result from the homogenisation of component structures, which is also beyond the simple
sum of every component. As the size of the component atoms is much smaller than the wavelength of
probing electromagnetic wave, MMs exhibit macroscopic properties that are not shown in constituent
materials. Particularly, in the visible and near-infrared (NIR) regime, the scale of unit structures in
MMs goes down to tens of nanometres or less. Because of the shared scales, the ﬁeld of MMs has
involved in parallel with that of plasmonics[4].
The study of plasmonics and MMs ﬁrst began thousands of years ago. For example, the Lycurgus
Cup[5, 6] constructed with ruby glass in the 4th century shows different colours when light shines
from inside and outside the cup. This phenomenon is caused by the nanoscale (5 - 60 nm) gold
(Au) and silver (Ag) particles embedded in the ruby glass. The nanoparticles scatter light with high
sensitivity to their sizes and exhibit dichroic characteristic due to the plasmon resonance[7]. Hence,
dichroic ruby glass can be considered the ﬁrst optical metamaterial (MM). Even if the scattering
1
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mechanics of the Lycurgus Cup were not fully understood a thousand years ago, the manufacturing
technique has been passed on and has motivated research into plasmonics[8] and MMs[6].
Classical electrodynamics shows that the electromagnetic properties of materials depend on their
permittivity () and permeability (μ). The refractive index (n) of a material is deﬁned as
n =
√
μ (1.1)
As  and μ are determined by microscopic properties and distributions of atoms inside materials,
the development of MMs permits to extend the optical properties beyond those enabled by these
atomic conﬁgurations.
The theoretical research into plasmonic materials started from the study of negative refraction by
Mandelshtam in the 1940s[9]. In 1968, an important step was made by Veselago who presented a
theoretical work on the negative-index materials (NIMs) (also known as left-handed materials)[10]
whose  and μ are all negative. He predicted that negative refraction which is never seen in nature
would exist inside this kind of material. However, the real investigation and design of NIMs did
not begin in earliest until about 30 years later. In 1996, Pendry et al. proposed a structure that
consisted of periodic aluminium (Al) microwires that could exhibit a negative  at GHz range[11].
Three years later, Pendry et al. also proposed that a periodic split rings array made of nonmagnetic
material could exhibit a negative μ[12]. Eventually, in 2000 and 2001, Smith et al. demonstrated the
experimental realisation of the ﬁrst one-dimensional (1D)[13] and two-dimensional (2D)[14] NIMs
using a structure combining split ring resonators with wires. These studies of NIMs provided the
possibility to modify the  and μ of materials artiﬁcially and motivated the development of other
MMs.
As mentioned above, the structural units of MMs usually have a size which is far smaller
than the working wavelength. This is because the MMs typically have inhomogeneous structure
and complex boundary conditions, and many physical properties of them (e.g.  and μ) cannot
be calculated precisely and easily. A common way to approximate the effective electromagnetic
properties of these media in theory is using the effective medium theory (EMT)[15, 16]. The EMT
can describe the macroscopic properties of composite materials (e.g. MMs) by averaging the related
physical parameters of the composite materials, with the request of limiting the size of the structural
units within the sub-wavelength scale. Therefore, here we use a common approach to design and
characterise MMs using effective permittivity (e f f ) and permeability (μe f f ) based on EMT and this
greatly simpliﬁed the study of electromagnetic MMs (Figure 1.1).
2
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Figure 1.1: Diagram of a MM made of periodic sub-wavelength unit structures and the corresponding
effective medium. To satisfy the demand of EMT, the period (Λ) of the structure is far less than the
wavelength (λ) of the electromagnetic wave.
Due to the ability of modifying effective  and μ, MMs now show dramatic potential in the ﬁeld
of high-directivity radiating[17], electromagnetic cloaking[2, 18], perfect absorbing[19] and quantum
applications[20].
As special MMs, zero-index materials (ZIMs) show vanishing refractive index at speciﬁc frequen-
cies and has attracted much attention in many research ﬁelds, such as emission controlling[21] and
imaging[17]. In the parameter space of  and μ (Figure 1.2), ZIMs locate at horizontal and vertical
axes and the origin of coordinates. The horizontal axis represents ZIMs with μ closing to zero, i.e.
mu-near-zero (MNZ) MMs. The vertical axis stands for ZIMs with  closing to zero, i.e. ENZ MMs.
The origin of coordinates means ZIMs with both μ and  all closing to zero, namely double-zero
ZIMs.
3
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Figure 1.2: Parameter space of μ vs , and the location of ENZ MMs.
The  of natural substances can be both positive (e.g., dielectric material) or negative (e.g., most
metal materials). However, the μ value is usually equal to 1, due to the weak magnetic repose of
most natural materials at a high-frequency range. The assumption μ = 1 will be used in this thesis
as there are no ferromagnetic materials or magnetic structure used in this work, and this ENZ MM is
indicated in Figure 1.2. Therefore, Equation 1.1 can be simpliﬁed as
n =
√
 (1.2)
Additionally, complicated structures and processes are always needed to realise double-zero ZIMs,
i.e. reaching zero μ and  at same time[22]. However, it is relatively easy to obtain zero-permittivity
structure using non-magnetic materials[23]. Therefore, the zero-index condition can be obtained at
ENZ media, according to Equation 1.2.
Inside ENZ MMs, due to  approaching zero, the refractive index, effective displacement ﬁeld
and the wave vector are all close to zero, thus the wavelength diverges and no diffraction occurs. The
ENZ MMs can be classiﬁed in two types: anisotropic epsilon-near-zero (AENZ) MMs and isotropic
epsilon-near-zero (IENZ) MMs. AENZ condition is realised based on EMT, usually by averaging the
positive and negative permittivity contributed by different sub-wavelength components, typically
dielectrics and metals[24, 25]. Under this condition, one component of the effective permittivity
tensor approaches zero while the others do not. The AENZ property make it possible to manipulate
4
1.2. Light propagation in ENZ media
the transmission in speciﬁc directions. The other type ENZ condition, i.e. IENZ, is achieved by
transparent conductive oxides (TCOs)[26], such as Al-doped zinc oxide (AZO), indium tin oxide
(ITO) and gallium zinc oxide (GZO). Their permittivity can be tuned by modifying their plasma
frequency, and typically approaches zero at NIR range. In addition, TCOs have small optical losses
and electric tunability, and thus displays potentials to be used in wider-range optoelectronic devices.
These peculiar properties have attracted signiﬁcant attention in the last two decades. In 2002,
Enoch et al. demonstrated a method for tuning the emission of an antenna embedded in a multilayer
metal-grid material[21]. By changing the parameters of unit structures, the effective  was modiﬁed,
and the directive emission was realised in the ENZ condition. In 2006, Silveirinha et al. presented a
theoretical work on the tunneling effect in ENZ MMs[27]. The electromagnetic waves were "squeezed"
through arbitrary shaped ENZ channels with almost no phase variation. This effect was veriﬁed
experimentally by Liu et al.[28] and Edwards et al.[29] in 2008. Based on this, the perfect bending
waveguides were designed by Luo and Lai et al.[30, 31] and realised experimentally by Ma et al.[32].
Further research done by Luo et al. showed that AENZ MMs had the capability of controlling
electromagnetic ﬂux conveniently and efﬁciently[33].
In recent years, ENZ MMs have shown important and interesting physical properties, and
enormous potential in applications such as sub-wavelength imaging[34], optical sensing[35] and
asymmetric transmission[36]. However, the study of ENZ MMs is still a basic research, and further
theoretical research and experimental design need to be investigated.
1.2 Light propagation in ENZ media
Media with vanishing refractive index show unique dielectric responses and promise the possibility
of light manipulation. A simulation work has predicted that a time varying source in a matched
zero-index material (ZIM) exhibits a constant spatial distribution within the medium[37], and the 1D
distribution of the electric ﬁeld is sketched in Figure 1.3 (a).
The region marked by two vertical dashed black lines shows the position of free space or a ZIM.
The other parts outside the two boundaries are ﬁlled with lossy media. A line source locates at the
middle of the medium region and emits light waves towards both the left and right boundaries. The
dashed blue line in Figure 1.3 (a) shows a steady-state oscillation of the light wave inside the free
space and a fast decay in the lossy media. The solid red line presents the distribution of electric
ﬁeld of the light inside the ZIM at a moment when the light just propagate to the inﬂection points,
not arriving the boundaries of the medium. The electric ﬁeld in the ZIM is constant spatially, but
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varying in time, as source is varying with time. After the light travel through the whole medium, the
electrical ﬁeld will exhibit a fast decay similar to the blue dashed line. This effect is due to the zero
phase variation and diverging wavelength inside the ZIM, and there is no phase difference between
two points in the ZIM.
Figure 1.3: Diagrams of light propagating through ZIM (n≈0) and ENZ medium. (a) The light come
from a line source (green vertical line) exhibit constant electric ﬁeld in the ZIM (red solid line) while
shows steady-state electric ﬁeld in free space (blue dashed line)[37]. The two vertical dashed black
lines are the boundaries of the ZIM or free space. The left and right regions beside the medium
region are ﬁlled with lossy media. (b) An ENZ medium manipulate the shape of a wavefront from
arbitrary to the same as exit surface[38].
As discussed above, the zero-index condition can be approached in ENZ MMs[39]. Another
simulation work has predicted that the phase variation also approaches zero or effectively very small
inside a ENZ slab[38], and this effect opens the door towards the direct modiﬁcation of wavefront.
As Figure 1.3 (b) illustrated, a electromagnetic wave with arbitrary shaped wavefront propagates
through an ENZ medium from entrance side, and the phase distribution at the exit side is conformal
with the shape of the exit surface. Therefore, by designing the exit surface of ENZ media, the
impinging wave can be manipulated and the phase distribution can be transformed into a desired
shape. The challenge of this design is the coupling of the input wave to the ENZ medium, which
needs more investigation.
Due to the small permittivity, ENZ MMs also have negligible spatial dispersion. Spatial dispersion
is deﬁned here as the dependence between permittivity and wave vector or wavelength in a medium.
Therefore, the wavelength of electromagnetic waves will be stretched inside ENZ media[34]. These
effects in AENZ slab provides the possibility to realise far-ﬁeld imaging without diffraction limits.
6
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Figure 1.4 sketches a curved metal-dielectric multilayer structure which is designed to exhibit zero
effective permittivity in the directions perpendicular to the stacking direction. The optical waves
from two point sources separated in sub-wavelength scale will propagate through the structure
nondiffractively. The output light spots are exactly copied from the sources, and with the help of
symmetric curvature, the magniﬁcation beyond diffraction limits can be achieved.
Figure 1.4: 2D diagram of a curved AENZ medium whose inner layer to which two light sources are
attaching that separated in sub-wavelength scale[34]. After propagating through the ENZ medium,
the two output light spots are separated with a distance large enough to break the diffraction limit.
Additionally, ENZ media can support electromagnetic chirality which usually only shown
in three-dimensional (3D)[40] or 2D[41] complex chiral structures. Chirality has drawn a great
deal of attention[42, 43] in the ﬁeld of molecular biology and life science, associated with optics,
crystallography and particle physics. Generally, the chiral response, i.e. the asymmetric transmission,
can be achieved by breaking either the Lorentz reciprocity[44] or the spatial inversion symmetry[42].
With the help of considerable the magneto-electric coupling, the ENZ structure shows dramatical
enhancement of the optical chirality[36].
1.3 Applications of ENZ medium in the emission enhancement
Due to the near-zero effective permittivity, ENZ MMs have vanishingly small refractive indices. In this
situation, most media in nature, even the air, are optically "denser" than ENZ media. Therefore, total
reﬂection will occur when light propagates from a ENZ slab to other "denser" material. Considering
the interface between a ENZ slab and air, when a light source (e.g. dipole) is placed on top of
or immersed inside the ENZ medium, the radiation intensity in the air side can be enhanced
dramatically because air is the "denser" material in this model[45].
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This effect has been used to enhance the emission of antennas. For example, the molecular
ﬂuorescence can be boosted inside a ENZ waveguide and the enhancement is independent of the
location of the emission source[46]. In another model, the emission of plasmonic antennas can be
enhanced dramatically by a ENZ substrate[47].
Additionally, due to the lack of spatial dispersion, the emission of point source embedded inside
ENZ slabs can be modiﬁed into a plane wave with enhanced directivity and efﬁciency[48].
These characteristics make it possible to realise the superradiance, beam steering and the manip-
ulation of quantum emission.
1.4 Enhanced optical nonlinearity at ENZ range
Nonlinear response of optical materials draws a great deal of attention and generate fascinating
applications, such as optical harmonic generation[49], transient coherent effect[50] and self-focusing
of optical beams[51]. Additionally, these nonlinear effects can be supported at ENZ MMs.
The mechanisms of nonlinear optics can be classiﬁed as resonant or nonresonant, according
to the relationship between the frequency of light and the particular electronic resonances of the
material[52, 53]. Nonresonant nonlinearities are generally weak and require high light intensities
and/or very long light-matter interaction time and length[54]. On contrast, resonant nonlinearities
can be several orders of magnitude stronger, but this comes at the cost of introducing detrimental
and unavoidable losses[55, 56].
Under the ENZ condition, due to the linear permittivity approaching zero, the linear refractive
index is relatively small compared to the nonlinear susceptibility, hence the nonlinear response
can be obtained with low-power probing and low losses[57]. In the interface between vacuum and
ENZ medium, the nonresonant enhancement of the typical electric ﬁeld can combine the ENZ effect
with nonlinearity[58], which leads to peculiar nonlinear effects, such as transmissivity directional
hysteresis[59] and enhancement of second and third harmonic generation[60, 61].
1.5 Structure of the thesis
This thesis starts with an introduction of the historical development and particular properties of
ENZ MMs. Different ENZ platforms have been introduced for typical applications, such as light
squeezing, sub-wavelength imaging, enhanced directive emission and enhanced nonresonant optical
nonlinearity. In the following chapters, I focus on the ENZ models related to my works.
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Chapter 2 discusses the background theory of light-matter interaction in ENZ regime, which
related to the works in the following chapters. The ﬁrst section is about the realisation of ENZ
structure, including mainly two models, i.e. the metal/dielectric multilayer structure according to
EMT and TCOs which operate near their plasma frequency based on Drude-Sommerfeld model.
Then, light modiﬁcation, asymmetry transmission and enhanced directive emission based on ENZ
media will be presented, followed by a summary.
Chapter 3 demonstrates the fabrication and characterisation of Ag/silicon dioxide (SiO2) mul-
tilayer ENZ structure. The Ag and SiO2 nanolayers are deposited using an electron beam (e-beam)
evaporation technique, which is addressed in detail. To optically characterise thin ﬁlms, we present
a retrieval method based on Fresnel’s equations. Finally, the investigation of the ENZ platform for
enhancing the emission of quantum dots (QDs) is presented, before the summary.
Chapter 4 details the way to introduce ﬂexibility into ENZ membranes using a sacriﬁcial-layer
assisted method. First, the complete fabrication process of the multilayer metal/polymer structure
is demonstrated in detail. Next, we test optical properties of the material after large mechanical
deformations and also show the capability of this membrane to conform on targets with irregular
surfaces. The ﬂexibility promises the feasibility of ENZ structures in superlens and other shape
sensitive applications. In the end, the conclusion is presented.
Chapter 5 outlines the design of graphene-based ENZ structure which provides the possibility
to introduce both ﬂexibility and electrical tunability into multilayer graphene/dielectric structures.
The fabrication of graphene using chemical vapour deposition (CVD) method is ﬁrst demonstrated,
followed by the characterisation of graphene using optical, electrical and physical means. Then we
show the fabrication of ﬂexible graphene/dielectric membrane and the initial result of the electrical
tuning at NIR range.
Chapter 6 concerns about the fabrication of ITO thin ﬁlms using radio frequency (RF) magnetron
sputtering approach. First, the deposition and characterisation of ITO ﬁlms with tunable permittivity
via modifying the deposition parameters are presented. Then, we propose that the ENZ ITO material
can be combined with different nanofeatures, fabricated directly using electron beam induced
deposition (EBID) method, to realise typical optical responses. Additionally, the other applications
based on the EBID technique are also addressed.
The ﬁnal chapter summarises the main work in this thesis and discusses further perspectives.
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Chapter 2
Background and theory
This chapter gives a general review of the background and fundamental physics of ENZ MMs.
The ﬁrst section outlines the approaches of realising ENZ structures, both in anisotropic and
homogeneous conﬁgurations. Next, the optical wave modiﬁcation in ENZ regime is discussed,
particularly the phase variation minimisation and wavefront engineering. After that, the non-local
enhancement of asymmetry transmission in ENZ regime is addressed in detail. This section is my
original work with collaborators. The next section brieﬂy discuss the emission enhancement related
to ENZ MMs. The ﬁnal part summarises the optical properties and further applications of ENZ
membrane included in this thesis.
2.1 Realisation of ENZ MMs
The ENZ condition can be approached using different methods, sketched in Figure 2.1. One way is
according to EMT via stacking materials with positive (e.g. dielectric) and negative (e.g. metal) 
alternatively in the sub-wavelength regime (Figure 2.1 (a))[25]. This method is able to create uniaxial
AENZ MMs. The perpendicular (to the stacking direction) components of the effective  can be tuned
into zero by simply modifying the thicknesses of unit layers, while the parallel component usually
retains the value bigger than 1. This approach can be also used in 2D model by patterning periodic
structures consisting of complementary split ring resonators[28] or nanorods[24]. As shown in Figure
2.1 (b), the metal nanorod array is embedded in dielectric medium (such as aluminium oxide (Al2O3))
or surrounded by air and this structure can be designed to exhibit a vanishing effective permittivity
at a speciﬁc wavelength.
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Figure 2.1: Diagram of three types of ENZ structures. (a) a periodic structure consisted of two unit
layers: metal with thickness tm and permittivity m; dielectric with thickness td and permittivity d.
⊥ and ‖ are the perpendicular and parallel components of the effective permittivity of the structure.
(b) a 2D ENZ structure consisted with metal nanorods embedded in dielectric environment. (c) TCOs
slab whose permittivity can reach zero at near-infrared ranges.
Another method of obtaining ENZ response is based on the materials operated closed to their
plasma frequency, such as TCOs (Figure 2.1 (c))[62]. Plasma frequency is an intrinsic property of
conducting materials, such as metals, semiconductors and TCOs, and determines the permittivity
of these materials according to Drude-Sommerfeld model[63]. When these media interact with
electromagnetic waves, free carriers (e.g. electrons) inside them oscillate with a frequency which
is related to the density, charge and effective mass of carriers. Additionally, the frequency of this
oscillation is independent of the wavelength of input waves. This frequency is so called plasma
frequency. Typically, if the operating frequency is lower than the plasma frequency, the medium
shows a negative permittivity; if the operating frequency is higher than the plasma frequency, the
medium shows a positive permittivity. This effect promises the ENZ response of TCOs when they
are operated near their plasma frequency. Speciﬁcally, here we use a special TCOs, i.e. ITO, and its
permittivity approaches zero at NIR ranges. This material will be discussed in detail later in this
chapter.
In this thesis, I focus on the two approaches shown in Figure 2.1 (a) and (c), i.e. the anisotropic
metal/dielectric multilayer structure and homogeneous (isotropic) ENZ medium (e.g. ITO).
2.1.1 Realisation of AENZ MMs
In the optical regime, most metals show negative dielectric response because the optical frequency
(ω) is much higher than their plasma angular frequency (ωp), and their dielectric permittivity (m)
can be described by the Drude-Sommerfeld model[63] as
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m(ω) = b −
ω2p
ω2 + iγω
(2.1)
where b represents the background permittivity, γ is the collision frequency which is typically
essential and related to optical losses.
Inside these metal materials, when m < 0, the internal free carriers move in the opposite direction
to the external electric ﬁeld. On the contrary, dielectric materials have positive permittivities (d > 0).
To obtain the material with tunable permittivity, we can consider the simplest model, i.e. the 1D
periodic structure consisting of repeating metal-dielectric bilayers (Figure 2.1 (a)). Each metal layer
has a thickness of tm and permittivity of m, and each dielectric layer has a thickness of td and
permittivity of d. Using this structure, we can realise the capability to modify the effective  and
also achieve the ENZ condition.
In sub-wavelength situation, the multilayer structure shows anisotropic effective permittivity
(e f f ), expressed in the tensor form of
e f f = 0
⎛⎜⎜⎜⎝
⊥ 0 0
0 ⊥ 0
0 0 ‖
⎞⎟⎟⎟⎠ (2.2)
where 0 is the permittivity of vacuum, ⊥ and ‖ are the relative permittivity components in the
directions perpendicular and parallel to the principal axis (stacking direction), respectively.
If tm and td are at sub-wavelength range and the period number (N) is big enough (e.g. N ≥ 5)[64],
the components of effective permittivity can be obtained by averaging the permittivity of unit layers,
based on EMT[64, 65] and stated as
⊥ = f m + (1− f )d (2.3)
1
‖
= f
1
m
+ (1− f ) 1
d
(2.4)
where f is the ﬁlling fraction of the metal layer, deﬁned as
f =
tm
tm + td
(2.5)
By modify f for speciﬁc metal and dielectric materials, we can design the material with effective
⊥ approaching zero at desired wavelengths and keep ‖ bigger than 1. Furthermore, this method is
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not limited to the two-component structure. For three or more unit layers, Equations 2.3 and 2.4 are
expanded and shown as
⊥ =
Nc
∑
j
f jj, j = 1, 2, 3, ..., Nc (2.6)
1
‖
=
Nc
∑
j
f j
1
j
, j = 1, 2, 3, ..., Nc (2.7)
where f j and j are the ﬁlling fraction and permittivity of unit layer j. f j satisﬁes ∑
Nc
j fj = 1.
Here we consider a example of Ag/SiO2 multilayer structure to verify the accuracy of EMT
(Figure 2.2). The Ag unit layer is 10-nm thick and its permittivity is given in Reference [66]. The SiO2
unit layer is 100-nm thick and have a permittivity (SiO2 ) following the relationship with wavelength
(λ, with unit of μm) as[67]
SiO2 = 1+
0.6961663λ2
λ2 − 0.06840432 +
0.4079426λ2
λ2 − 0.11624142 +
0.8974794λ2
λ2 − 9.8961612 (2.8)
Figure 2.2 presents the real part of effective epsilon (Re(⊥)) of 3-, 4-, 5-, 6- and 10-bilayer
Ag/SiO2 multilayer structure, calculated based on Fresnel’s equations. The calculation method is
considering the multilayer structure consisted of Ag and SiO2 unit layers with parameters (thickness
and refractive index) stated above. The mechanics and procedure of the calculation are detailed
demonstrated in Chapter 3.
Figure 2.2: Real part of epsilon (Re(⊥)) of Ag/SiO2 multilayer structure under the conditions of 3, 4,
5, 6 and 10 bilayers and EMT assumption.
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The Re(⊥) of the Ag/SiO2 multilayer structure based on EMT (Equation 2.3) is also shown
in Figure 2.2. The zero-permittivity wavelength is approaching the EMT assumption along with
the increasing of the number of bilayers. Typically, the 5-, 6- and 10-bilayer structures reach the
EMT assumption. However, the curves of the effective permittivities of 6- and 10-bilayer structures
show obvious oscillation. This phenomenon is due to the thickness of these structures reach the
wavelength scale or more, i.e. beyond the sub-wavelength scale, where the ﬁlm shows obvious
etalon effect[64, 68, 69]. This effect is also predicted by the EMT and limit the total thickness of the
multilayer structure. Therefore, the 5-bilayer structure can be considered as a practicable EMT model,
and this is also veriﬁed in the experiments shown in Chapter 3 and 4.
2.1.2 Realisation of IENZ MMs
Most metals show negative permittivity at optical range because their plasma frequencies are at ul-
traviolet (UV) range[70]. To "lower" the ωp, it is better to use chemical reacting or doping approaches
to create metal-dielectric compounds. The dielectric components with positive permittivity are able
to increase the effective permittivity of the metal-dielectric compounds into ENZ and even positive
ranges. This phenomenon can be treated as lower the ωp of the compounds and is a popular way to
realise the ENZ media. Notably, the TCOs are created to exhibit ENZ response using this approach.
Examples of TCOs are metal oxide or metal nitride, for example the ITO, AZO and titanium nitride
(TiN). They have high carrier concentration with typical values usually more than 1020cm−3[71], and
thus the high conductivity, and this make it possible to realise the electro-optical response. Due to
the all-dielectric structure, TCOs also exhibit relatively low optical losses, compared to metals. These
peculiar plasmonic characteristics motivate TCOs to be widely used in the ﬁeld of superlensing[72]
and optical modulation[73].
Here we focus on ITO.
ITO is stannum (Sn) (i.e. Tin) doped indium oxide (In2O3) and its free-electron response can also
be described by the Drude-Sommerfeld model as Equation 2.1. The ωp is deﬁned as
ωp =
√
nce2
0m∗
(2.9)
where nc is the carrier density, e isthe elementary charge, m∗ is the effective mass of electron.
Speciﬁcally for ITO, m∗ ≈ 0.35m0, where m0 is the mass of free electron.
To achieve the aim of zero permittivity, we can modify the nc by changing the doping level of
Sn during fabrication. In general, the nc of ITO thin ﬁlm is at the magnitude range from 1020 to
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1022cm−3. Hence, we can obtain the ITO ﬁlms with the ENZ range of ITO locates at NIR region,
typically around 1500 nm[62] (Figure 2.3 (a)) and also low losses (Figure 2.3 (b)).
Figure 2.3: Real (a) and imaginary (b) parts of permittivities of ITO with different carrier densities
(nc).
2.2 Optical wave modiﬁcation inside ENZ MMs
This section will brieﬂy discuss the optical response of ENZ MMs, including the elliptical and
hyperbolic optical responses.
First we consider a optical wave with angular frequency ω propagating through an AENZ slab, i.e.
the metal-dielectric multilayer structure shown in Figure 2.1 (a). The optical wave can be described
as E(r, t) = E0ei(kr−ωt), where r = (x, y, z) represents the radius distance, t is propagation time and
k = (kx, ky, kz) is the wave vector which is deﬁned by
k =
2π
λ
(2.10)
where λ is wavelength.
Inside the material, the dispersion relation is shown as
k2x + k2y
‖
+
k2z
⊥
=
ω2
c2
(2.11)
where c is the speed of light in vacuum.
Equation 2.11 shows that the dispersion response depends on the value and sign of the ‖ and ⊥.
For isotopic media, such as vacuum, air and dielectric materials, whose ‖ and ⊥ are both positive,
the elliptical response occurs (Figure 2.4 (a)). If a material exhibit the relation of ‖ · ⊥ < 0, the
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material undergoes a hyperbolic dispersion (Figure 2.4 (d) and (e)). Between these two situations,
the ENZ responses occur. One condition is when ⊥ ≈ 0 and ‖ > 0, the isofrequency surface is
compressed into kx − ky plane in the k space (Figure 2.4 (b)). The other one is when ⊥ ≈ 0 and
‖ < 0, the isofrequency surface is also compressed, but exhibiting a hyperbolic behaviour (Figure
2.4 (c)).
Figure 2.4: Isofrequency surfaces of elliptical materials (a), ENZ MMs (b and c) and hyperbolic MMs
(d and e), shown in the k space.
To show the radiation patterns or the distribution of electromagnetic ﬁelds of these media with
different dispersion responses, some works have been done in Reference [74]. Figure 2.5 illustrates
the far-ﬁeld distribution of electromagnetic ﬁelds, i.e. radiation patterns, when a light source is
embedded inside these materials. Here, we consider an electric dipole as the source located at x
direction with a generated H-ﬁeld shown in Figure 2.5 (a). Inside elliptical materials, the radiation
pattern of the dipole keeps similar diverging shape as the source emitted, because ‖ and ⊥
are all positive. In the hyperbolic regime, the radian patterns exhibit different behaviour when
light propagating in them, i.e. dielectric (⊥ > 0 and ‖ < 0) and metallic (⊥ < 0 and ‖ > 0)
dispersions[75, 76]. The dielectric hyperbolic MMs exhibit converging light propagation effect (Figure
2.5 (c)), which shows the potential for realising directional emitting and imaging[77, 78]. On the
contrary, light propagates along the resonance cone in the metallic hyperbolic MMs (Figure 2.5 (d)),
and this phenomena will beneﬁt the ultra-ﬁne light probing[74, 79].
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Figure 2.5: Diagram of typical radiation patterns of a dipole located in elliptical materials (a), ENZ
MMs (b) and hyperbolic MMs (c and d)[74].
Under the circumstance of ⊥ ≈ 0 and ‖ > 0, the kz is close to 0, and thus the optical wave
propagate along the z direction with a diverging wavelength and vanishing spatial dispersion. Then
the ﬁeld distribution will not change during propagation. Therefore, the radiation pattern in this
ENZ medium shows high directional and low divergence (Figure 2.5 (b)). The other ENZ condition
(⊥ ≈ 0 and ‖ < 0) also shows similar optical response due to the vanishing value of ⊥[74].
This effect promises the capability to break the diffraction limitation due to the lack of spatial
dispersion. Typically, if we curve this AENZ membrane and coat it onto speciﬁc nanopatterns or
nanoemitters, the light propagating inside the medium will show negligible phase changing, and
thus the sub-wavelength imaging without diffraction can be achieved[34].
Here we discuss the IENZ medium, i.e. the medium showing ENZ response only in speciﬁc
directions.
We already know that the permittivity of the IENZ structure is close to 0 at speciﬁc frequencies,
and thus the refractive index (n) tends to 0 as well, for the low-loss materials. This means that even
the light propagate a long distance (d) inside this medium, the phase changing Δφ = nkd will remain
almost 0. In this case, the direction of output light from ENZ medium is perpendicular to the exit
surface[21]. For example, we consider a point source embedded in a ENZ slab, shown in Figure 2.6.
At the medium/air interface, the angle of refraction (θt) approaches to 0 no matter how the angle of
incidence (θin) changes, according to the Snell’s Law[80]
nt sin θt = n sin θin (2.12)
where nt means the refractive index of transmitting medium (i.e. air in Figure 2.6).
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Figure 2.6: A point source is embedded in a ENZ medium and the output lights are all perpendicular
to the air/medium interface due to n ≈ 0.
Besides, because the internal ﬁeld is irrotational ﬁeld, the ENZ medium only allow the op-
tical wave with inﬁnite phase velocity propagating through. Hence, the phase changing during
propagation is closed to 0, which also matches the discussion of Equation 2.11.
Based on the characteristic of the perpendicular exit and near-zero phase variation, we can realise
the wave-front modiﬁcation by controlling the exit surface of the ENZ medium[38]. Figure 1.3 (b)
sketches this process. A curved wavefront propagates through a ENZ slab and the exit wavefront
becomes parallel to the exit surface.
2.3 Asymmetric transmission enhanced by the AENZ slab
Asymmetric transmission for forward and backward propagation of tilted circular polarised optical
waves usually occur in chiral MMs by breaking either the Lorentz reciprocity[44] or the spatial inver-
sion symmetry[36, 81]. The enhancement of optical activity (dichroism and circular birefringence) in
1D chiral MMs operating around the ENZ condition has been reported in Reference [36]. Chirality
is a common property in the molecular material research ﬁeld, photonics and nanotechnology.
Chirality in bulk materials is ubiquitous in nature, but 2D or 1D chiral materials are rarely seen[40,
42, 82, 83]. This section demonstrates that the asymmetric transmission can be supported by a
sub-wavelength AENZ slab and undergo a marked nonresonant enhancement in the ENZ regime.
This nonresonant enhancement effect results from the contributions of the nonlocal response when
the permittivity approaches zero, which is comparable or even greater than the local parts of the
dielectric response[60, 84, 85]. In addition, in linear ENZ MMs, the nonlocal response can also affect
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the medium response, which can be utilized to enhance nonlocal phenomena such as the excitation
of additional waves[86]. Here we propose that nonlocal effects due to 1D chirality are enhanced by
the ENZ effect without any resonant mechanisms (i.e., with no cavity or plasmonic effects).
Figure 2.7 sketches a ultra-thin slab with thickness L consisted of periodic Ag/air bilayers. The
structure period is Λ and the ﬁlling fraction of Ag layer is fAg. A monochromatic plane wave of
wavelength λ0 probes the slab forward and backward with incident angles θ and ϕ. The incident
waves can be both left-handed circular polarised (LHCP) and right-handed circular polarised (RHCP),
and also both forward and backward.
Figure 2.7: Geometry of the asymmetric transmission process. (a) Schematic view of the tilted plane
wave (yellow arrow) impinging onto a ENZ slab consisted of Ag/air bilayers and the deﬁnition of
the Cartesian coordinate and angular parameters. Propagation direction is deﬁned as forward for
the k(in) direction (b) and backward for the −k(in) direction (c).
The wave vector of the incident wave k(in) can be described as
k(in) = k(in)x êx + k
(in)
y êy + k
(in)
z êz = k0(sin θ cos ϕêx + sin θ sin ϕêy + cos θêz) (2.13)
where superscript (in) represents incident wave, (êx, êy, êz) are the unit vectors in Cartesian
coordinate, (kx, ky, kz) are the components in k space and k0 = 2π/λ0.
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The dielectric response here is also described as Equation 2.2 and there are two forward waves
excited inside the slab, viz. the ordinary (o) and extraordinary (e) plane waves, whose longitudinal
wave vectors are
k(o)z =
√
k20⊥ − (k2x + k2y) (2.14)
k(e)z =
√
k20‖ − (k2x
‖
⊥
+ k2y) (2.15)
At hyperbolic ENZ range where ⊥ ≈ 0 (⊥ < 0) and ‖ > 0, the ordinary wave is evanescent
(k(o)z =
√
−(k2x + k2y)), whereas the extraordinary wave is a propagating mode and it can accumulate
the desired propagation phase even if the slab is ultrathin. Actually, the hyperbolic dispersion in the
ENZ regime leads to the large longitudinal wave vectors for extraordinary waves (k(e)z  k0), thus
triggered the etalon resonances and enhance the asymmetric response of transmissions in forward
and backward directions[87].
To quantify the asymmetric transmission, we consider the linear and circular polarisation for the
optical wave.
First, for linear polarisation, TE(s) and TM(p), whose basis is (ês = − sin ϕêx + cos ϕêy, êp =
cos θ cos ϕêx + cos θ sin ϕêy − sin θêz), the forward transmission matrix (−→Tl ) is obtained by
⎛⎝E(t)p
E(t)s
⎞⎠ =
⎛⎝−→tpp −→tps−→
tsp
−→
tss
⎞⎠⎛⎝E(in)p
E(in)s
⎞⎠ = −→Tl
⎛⎝E(in)p
E(in)s
⎞⎠ (2.16)
where E(in) = (E(in)p , E
(in)
s ) and E(t) = (E
(in)
p , E
(in)
s ) are the incident and transmitted electric ﬁelds,
−→
tuv (u, v = p, s) means the matrix component of
−→
Tl .
As we consider the anisotropic slab, the cross-polarisation transmission coefﬁcients are same and
nonzero, i.e.
−→
tps =
−→
tsp 
= 0 (2.17)
Similarly, the forward transmission matrix (
−→
Tc) of left (+) and right (−) circular polarisations,
whose basis is (ê+ = (êp + iês)/
√
2, ê− = (êp − iês)/
√
2), can be described as
−→
Tc =
⎛⎝−→t++ −→t+−−→
t−+
−→
t−−
⎞⎠ (2.18)
where the matrix components are
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−→
t++ =
1
2
(
−→
tpp +
−→
tss)
−→
t+− =
1
2
(
−→
tpp −−→tss − i2−→tps)
−→
t−+ =
1
2
(
−→
tpp −−→tss + i2−→tps)
−→
t−− =
1
2
(
−→
tpp +
−→
tss)
(2.19)
In the situation of backward probing where the incident wave propagates along −k(in) direction,
the backward transmission matrices for linearly and circular polarised bases can be obtained based
on the reciprocal theorem[88]. Furthermore, the asymmetric transmissions for linear and circular
polarisations are characterised by the parameters
Δl =
∣∣∣−→tsp∣∣∣2 − ∣∣∣←−tsp∣∣∣2 = ∣∣∣−→tsp∣∣∣2 − ∣∣∣−→tps∣∣∣2 (2.20)
Δc =
∣∣∣−→t+−∣∣∣2 − ∣∣∣←−t+−∣∣∣2 = ∣∣∣−→t+−∣∣∣2 − ∣∣∣−→t−+∣∣∣2 (2.21)
Using Equations 2.17 and 2.20, we can obtain Δl = 0, which means that the asymmetric transmis-
sion is not supported by linearly polarised waves.
From Equations 2.19 and 2.21, the asymmetric transmission parameter for circular polarised basis
is rearranged, shown as
Δc = 2 |Δt|
∣∣∣−→tsp∣∣∣ sin (Δψ) (2.22)
where Δt =
−→
tpp −−→tss and Δψ = arg (Δt−→tps∗).
Equation 2.22 shows that the asymmetric transmission for tilted circular polarised waves results
from both the linear polarisation asymmetric response (Δt 
= 0) and the presence of the linear cross-
polarisation conversion (
−→
tps 
= 0). These two factors are the natural characteristics of the uniaxial
medium. Therefore, the values of Δt and
−→
tps are the keys to achieving a dramatic enhancement of
the asymmetric transmission.
A speciﬁc Ag/air structure is demonstrated here to show the enhancement of the asymmetric
transmission in the AENZ regime. The parameters of the structure (Figure 2.7 (a)) are L = 30 nm,
fAg = 0.5 and θ = 60◦. The permittivity of Ag is obtained by Equation 2.1, where  = 5, ωp =
14× 1015 Hz and γ = 32× 1013 Hz.
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Under the homogenised condition where Λ λ, effective permittivity of the Ag/air structure is
obtained using EMT, i.e. Equations 2.2, 2.3 and 2.4, and the zero-permittivity point (Re(⊥) = 0)
locates at λ = 0.4 μm, indicated in Figure 2.8 (a).
Figure 2.8 (b) illustrates the asymmetric transmission Δc versus λ and ϕ. The maximum Δc ≈ 0.2
is obtained at λ = 0.42 μm and ϕ = 45◦ where ⊥ = −0.14+ i0.14 and ‖ = 1.32+ i0.01.
Figure 2.8: Numerical simulation results of the asymmetry transmissions in the ENZ slab sketched
in Figure 2.7.[89] (a) Real part of ⊥ as a function of λ (the shadow area indicates hyperbolic region).
(b) Δc parameter as a function of ϕ and λ for θ = 60◦ and L = 30 nm. (c) Comparison between the
asymmetric transmission evaluated with EMT (black solid line) and those predicted by the rigorous
coupled-wave analysis for different values of the spatial period Λ.
For the purpose of verifying the above results attained based on EMT and also discussing
the inﬂuence of spatial nonlocality on the considered asymmetric transmission, we use another
numerical method, namely the rigorous coupled-wave analysis technique[90], to calculate the
asymmetric transmission Δc.
Figure 2.8 (c) exhibits the comparison between the asymmetric transmission evaluated with EMT
and those predicted by the rigorous coupled-wave analysis for different values of Λ, at ϕ = 45◦ and
θ = 60◦. The nonlocality impacts the results in the ENZ regime and it slightly reduces the value of
the Δc. Therefore, the results of the rigorous coupled-wave analysis method initially prove that the
asymmetric transmission is purely related to the homogeneous structure response.
The work of this section has been published in the journal "Journal of Optics", see Reference[89].
We have demonstrated that the 1D ENZ slab can exhibit the asymmetric transmission of different
circularly polarised light which are typically shown in complex 2D and 3D chiral structures. Addi-
tionally, the optical like-diode response is enhanced dramatically in the ENZ regime. We believe that
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our investigation constitutes a fundamental step for the realisation of compact polarisation devices.
2.4 Emission enhancement on the ENZ substrate
Here, we discuss the emission enhancement of the condition where the light source (e.g. dipole or
nanoantenna) locate on top of an ENZ medium.
As  ≈ 0, the refractive index (n) of the ENZ medium also approaches 0. Therefore, air is an
optically denser medium comparing to the ENZ medium. Considering the situation where a light
beam propagates from a optically denser medium (e.g. air) to a optically thinner medium (e.g. ENZ
slab), the total reﬂection phenomenon will be launched where incident angle (θin) reaches critical
angle (θc). Based on Snell’s Law[80], the θc is determined when the transmitted angle (θt) reaches
90◦, as θc = arcsin ( ntnd ), where nd and nt are the refractive indices of the optically denser and thinner
media, respectively. At the interface between ENZ medium and air, nt = nENZ ≈ 0 and nd = nair = 1,
hence θc ≈ 0, which means that the total reﬂection occurs at all incident angles.
Figure 2.9 sketched the air/substrate model with a plasmonic nanoantenna (light source) located
on top of the substrate at the interface[47]. The permittivity of substrate varies from positive ( > 1)
through near-zero ( ≈ 0) to negative ( < −1). When the light source is placed on top a substrate
with  > 1, such as dielectric materials with low loss, the emission is mainly scattered into the
substrate (Figure 2.9 (a)). When the substrate is switched to ENZ medium, most emission energy
has been squeezed into the air direction (Figure 2.9 (b)), because the air is optically denser than the
substrate and thus the total reﬂection occurs. If the permittivity of the substrate decreasing down
to negative, the emission of the source propagating in the substrate part vanishes quickly (Figure
2.9 (c)), because of the high conductivity of the substrate for the electromagnetic ﬁelds[91], and this
phenomena typically happens in metals.
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Figure 2.9: Diagram of the emission distribution of light source located on top of substrates with
different permittivities:  > 1 (a),  ≈ 0 (b) and  < −1 (c)[47].
Hence, the emission will be enhanced due to the presence of the ENZ substrate, and this effect is
veriﬁed by our demonstration in Chapter 3.
In reality, we need to consider the complex refractive index (n) which consisted with the real
part (n′) and imaginary part (n′′, the extinction coefﬁcient), i.e. n = n′ + in′′. Similarly, the complex
permittivity is  = ′ + i′′. Then, the real part of the refractive index is determined by permittivity
as
n′ =
√
||+ ′
2
(2.23)
where || = √′2 + ′′2.
The optical loss of the medium (n′′) is also obtained
n′′ =
√
|| − ′
2
(2.24)
By designing the ENZ structure using material with small ′′, we can realise the emission
enhancement with low optical loss. Meanwhile, the ENZ substrate can concentrate the emission
direction perpendicular to the interface due as the wave-front modiﬁcation will be launched even
with the distances just in the size of several free-space wavelengths[47], as we discussed in Section
2.2.
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2.5 Summary
Based on EMT and Drude-Sommerfeld model, we can design, modify and manipulate the effective
permittivity of anisotropic and homogeneous structures and obtain the AENZ and IENZ media.
This ability motivates the applications of ENZ media in phase variation minimising and wave-front
modiﬁcation. Additionally, the asymmetric transmission effect is enhanced in the ENZ regime. The
ENZ substrate is also capable of enhancing the emission of light sources with high directivity. Based
on these works, ENZ MMs open up important applications in the ﬁelds of sub-wavelength imaging,
emission modifying and optical sensing, etc. However, in the following chapters, I have only focused
on my works, which aims at the approaches to realising ENZ MMs and some other ENZ hybrid
platforms and typical applications related.
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Chapter 3
Fabrication, characterisation of multilayer
ENZ structures and related emission
enhancement
This chapter demonstrates an approach to fabricate metal/dielectric multilayer ENZ structure using
e-beam evaporation method. The retrieval method to optically characterising the ENZ samples is
also explained in detail. Using this ENZ structure as substrate, we are able to enhance the emission
of gallium arsenide (GaAs) QDs.
The outline of this chapter starts with an overview of the nanotechniques used in the fabrication
of multilayer ENZ structures, before the explanation of the details of the fabrication process, typically
the e-beam evaporation. The optical characterisation of each unit layer and the multilayer structure
are also demonstrated here. Then, the numerical simulation and experimental verifying of the
emission enhancement on ENZ substrate are presented. The ﬁnal section summarises with a
discussion of the inﬂuence of the fabrication and characterisation methods on the ENZ MMs for
further optical applications.
3.1 Overview
According to EMT, we realise the ENZ structure by layering materials with positive (dielectric)
and negative (metal) permittivity, with sub-wavelength thicknesses that are chosen so that the real
part of the effective permittivity crosses zero at the desired wavelength, e.g. visible range. The
deposition of each unit layers is implemented inside the chamber of an e-beam evaporator typically
without breaking the vacuum. The e-beam evaporation technique is able to deposit both metal (e.g.
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Ag, Au and germanium (Ge)) and dielectric (e.g. SiO2 and zinc selenide (ZnSe)) thin layers, with
high-accuracy thickness and ultra-high purity. This approach provides a way to realise the multilayer
ENZ structure in large scale and controllable thickness.
In this work, we also demonstrate a method to retrieve the permittivity of optical ﬁlms, based on
Fresnel’s law[80]. This approach is able to determine the effective permittivity values of a given slab
by combining the thickness, transmission and reﬂection, without considering the other details inside
the structure. Using this method, we can characterise the optical properties of ENZ structures and
their unit layers.
Based on this ENZ platform, we also propose and demonstrate an approach to enhance the
emission properties of GaAs QDs at a speciﬁc wavelength range.
3.2 Fabrication
To achieve the ENZ condition at visible range with low loss, we design the multilayer ENZ structure
formed by unit layers of Ag and SiO2. In the visible regime, Ag with negative permittivity exhibits
lower loss than most noble metals[92, 93], and SiO2 with positive permittivity shows good thermal
stability and also negligible optical loss. In the designed multilayer ENZ structure, unit layers have
sub-wavelength thicknesses to satisfy the requirement of EMT. Additionally, the thickness of the Ag
layer is required to be as lower as possible to reduce the optical loss of the whole structure. Therefore,
the thickness of Ag and SiO2 unit layers are determined as tm = 6 nm and tm = 60 nm, sketched in
Figure 3.1. In order to make the multilayer structure symmetry, the top and bottom layers are all
SiO2 ﬁlms with a thickness of td/2. The substrates to hold the structure are square coverglass (Agar)
with side length of 24 mm and thickness of 200 μm.
Figure 3.1: Diagram of the multilayer ENZ structure consisted of Ag and SiO2 unit layers. tm and td
are the thickness of Ag and SiO2 layers, respectively.
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The multilayer metal/dielectric structure is fabricated using an e-beam evaporation approach.
The diagram of the e-beam evaporator (Edwards AUTO 306) is shown in Figure 3.2. The target
material (Ag or SiO2) was stored in a tungsten (W) crucible which held by a water-cooled hearth.
During the evaporation process, the target material was bombarded with a focused electron beam
(FEB) deﬂected by a magnet system, thus evaporated into gaseous particles and ﬁnally forming thin
layers when reached the substrate right above the crucible. Typically, the beam current was set at
about 45 μA for Ag and 6μA for SiO2 to reach an evaporation rate of 0.1 nm s−1. A quartz crystal
detector was used to monitor the evaporation rate and thickness. By modifying the tooling factor of
the detector, we could calibrate the thickness of deposited ﬁlms. During the evaporation process, the
substrate holder was rotating all the time, around the axis perpendicular to its bottom surface, to
improving the smoothness of deposited layers. The whole evaporation process was performed in a
high-vacuum chamber with a base pressure of about 3× 10−6 mbar and a working pressure that less
than 2× 10−5 mbar.
Figure 3.2: Diagram of the e-beam evaporator, formed with ﬁlament for generating electron beams,
electrode for accelerating and focusing electron beams, magnet system for deﬂecting electron beams,
W crucible for holding target materials, water-cooled system to accommodating the crucible, quartz
crystal detector for monitoring evaporation rate, and the rotating holder of samples.
The e-beam evaporation approach can deposit large and uniform metal and dielectric thin ﬁlms.
The maximum size of the deposited ﬁlm reaches 10 cm×10 cm, which is the size of the sample
holder. However, e-beam evaporation technique has some disadvantages. Because the evaporation
process is activated by the electron beam, this approach is not suitable for some electron beam
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lithography (EBL) steps where the photoresist layers need to keep undeveloped. The evaporated
materials are typically amorphous, which leads to high resistivity for some materials, such as metals
and ITO[94–96]. Additionally, due to the poor wettability of some noble metals (e.g. Ag), the
evaporated ﬁlms, typically at ultra-thin range (under 50 nm), have a relatively rough surface due to
the cluster effect[97]. For example, in the designed multilayer ENZ structure, unit layers should have
a thickness in the sub-wavelength scale to satisfy the requirement of EMT. Typically, the Ag layer is
extremely thin (6 nm) and required to be homogeneous. However, the deposited 6-nm Ag layer on
glass substrate has high roughness and shows blue but not silver colour (see the photograph of the
Ag sample in Figure 3.3).
Figure 3.3: Photographs of the 6-nm Ag samples with and without the Ge wetting layer. The mark of
Ag means that the Ag layer was deposited directly on the glass substrate, while the Ge/Ag mark
means that there was a 0.7-nm Ge layer evaporated on the glass substrate prior to the deposition of
Ag layer.
This phenomenon is due to the Rayleigh scattering occurred at the rough Ag surface, where the
nanoscale clusters and cracks randomly distributed. The scanning electron microscope (SEM) image
of the 6-nm Ag layer (Figure 3.4 (a)) also veriﬁes this by showing obvious defects on its surface. The
dimension of the Ag clusters is around 50 nm, which is about 1/10 of the wavelength of blue light.
Therefore, the rough Ag layer scatters blue light and shorter-wavelength light more, compared to the
light at other wavelength range. This effect not only leads to the scattering issue but also causes high
optical loss[98–100].
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Figure 3.4: SEM images of the 6-nm Ag layers deposited on glass substrates with and without the Ge
wetting layer, to showing the surface morphology.
To improve the smoothness of Ag layers, a popular method is introducing a nucleation layer[98]
prior to the deposition of the Ag layer. Here, we use a Ge layer to improve the uniformity of the
ultra-thin Ag layer. In order to ﬁnd the most suitable thickness of the Ge wetting layer, we have
already deposited Ge layers with different thickness varying from 0.3 to 1.5 nm. Finally, the 0.7-nm
thick Ge layer has been determined as the wetting layer for evaporating ultra-thin Ag layers.
Figure 3.4 (b) shows the surface morphology of the Ag layer with Ge wetting layer, the presence
of Ge wetting layer reduce the surface roughness dramatically. Most cracks and defects on the surface
of Ag layer have been wiped out, compared to Figure 3.4 (a). During the observation process of the
Ag samples with and without the Ge wetting layer using SEM, I focused on some dust particles
(reference focus points) just beside the imaging position to make sure that the focus condition of
different images (Figure 3.4 (a) and (b)) are at same level.
Besides, the Ge/Ag sample shows silver colour (Figure 3.3) rather than blue, and this also veriﬁes
the improvement of the smoothness of Ag layer. We used the Ge wetting layer for improving the
smoothness of Ag layers in the fabrication of multilayer ENZ structures, and the whole fabrication
process is shown in Figure 3.5.
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Figure 3.5: Fabrication process of multilayer Ag(Ge)/SiO2 structure. (a) The cleaning of glass
substrate using solvents. (b) The deﬁnition of ﬁrst dielectric (SiO2) layer with thickness of td/2. (c)
The deﬁnition of ﬁrst metal (Ag) layer with thickness of tm. (d) The deﬁnition of second SiO2 layer
with thickness of td. (e) Repeating process (c) and (d). (f) The deﬁnition of ﬁnal SiO2 layer with
thickness of td/2.
First, a glass substrate was cleaned by ultrasonic bathing in acetone and propan-2-ol (IPA), each
for 5min (Figure 3.5 (a)). Then, the substrate was loaded into the evaporator and the deposition
process started. The bottom SiO2 layer with thickness of td/2 was deﬁned (Figure 3.5 (b)), followed
with the ﬁrst Ag (Ge) layer with thickness of tm and the second SiO2 layer with thickness of td
(Figure 3.5 (c) and (d)). After repeating the deposition of Ag (Ge)/SiO2 bilayer several (e.g. 3,4,5)
times (Figure 3.5 (e)), the top SiO2 layer with thickness of td/2 was ﬁnally deﬁned (Figure 3.5 (f)),
and then the multilayer ENZ sample was fabricated.
3.3 Characterisation
3.3.1 Retrieval method
The optical characterisation here typically aims at obtaining the effective refractive index and
permittivity of thin ﬁlms (such as multilayer structures and their unit layers). To characterise these
structures, we ﬁrst tried a common approach, ellipsometry, which can retrieve the refractive index of
a ﬁlm based on the intensity and polarisation state of the reﬂected signals. However, due to having
the near-zero permittivity and refractive index, ENZ ﬁlm cannot be characterised correctly. Typically,
the measured permittivity (real part) of ﬁlm using ellipsometre cannot show the zero point.
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In order to determine the effective permittivity of thin ﬁlms, speciﬁcally the ENZ slab, we
designed a retrieval method using measured transmission, reﬂection and thickness. This method
considers the multilayer structure as a homogeneous slab and ﬁtting the effective permittivity of an
equivalent slab with an identical thickness that exhibits the same transmission and reﬂection. The
detail of this method is presented in the following.
The ﬁtting procedure is based on the Fresnel’s law which will be ﬁrst discussed here[80]. We
consider a simple structure consisting two layers with refractive index of n1 and n2, respectively,
shown in Figure 3.6 (a). A light wave with either p or s polarisation is shone from medium n1
to medium n2. The incident, reﬂected and transmitted angles are θin, θr and θt, respectively. The
relationship of these angles can be describe as: θin = θr and n1 sin θin = n2 sin θt. The reﬂection and
transmission coefﬁcients (r and t) can be obtained by Fresnel’s equations, shown as[80]:
rs =
n1 cos θin − n2 cos θt
n1 cos θin + n2 cos θt
ts =
2n1 cos θin
n1 cos θin + n2 cos θt
(3.1)
rp =
n2 cos θin − n1 cos θt
n2 cos θin + n1 cos θt
tp =
2n1 cos θin
n2 cos θin + n1 cos θt
(3.2)
where p and s represent p and s polarisation, respectively.
For both polarisations, the reﬂectivity (R) can be calculated by squaring the magnitude of ru,
shown as
R = |ru|2 (3.3)
whereas transmissivity (T) is obtained by
T =
n2 cos θt
n1 cos θin
|tu|2 (3.4)
where u = s, p represent the polarisation states.
Reﬂectivity and transmissivity represent the fraction of the incident power that is reﬂected
and transmitted at the interface, so they are also known as the power reﬂection coefﬁcient and
power transmission coefﬁcient, respectively. In measurement, reﬂectivity and transmissivity can be
directly calculated using the reﬂected and transmitted intensities, and for convenience, "reﬂection"
and "transmission" are used to represent the power reﬂection coefﬁcient and power transmission
coefﬁcient in this thesis.
The absorption of the effective material can be described as
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A = 1− R− T (3.5)
To simplify the calculation model and reduce the difﬁculty of measurement, we typically shone
the light at normal incidence to the sample for characterisation, i.e. θin = θr = θt = 0 . Under this
circumstance, the reﬂection and transmission coefﬁcients of p and s polarised waves have identical
magnitude (r and t) which are described as
rs = −rp =
n1 − n2
n1 + n2
= r, ts = tp =
2n1
n1 + n2
= t (3.6)
The reﬂectivity and transmissivity are thus simpliﬁed as
R = |r|2 , T =
n2
n1
|t|2 (3.7)
Then we extend the model into the multilayer model that we design to realise the ENZ condition.
This structure is formed by N (N > 2) layers, sketched in Figure 3.6 (b). A light wave with a vacuum
wavelength of λ is shone from the top at layer 1 and transmit through the whole structure and ﬁnally
reach the layer N. We deﬁne that the direction of the incident wave (from top to bottom) is the
forward direction ( f ) and the reverse direction is the backward direction (b).
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Figure 3.6: Sketches of the light-matter interaction models of the retrieval method. (a) The trans-
mission (T) and reﬂection (R) of (s or p) polarised light at the interface between two media with
refractive indices of n1 and n2. θin, θt and θr represent the angle of the incident, transmitted and
reﬂected light, respectively. (b) The light wave with amplitude of E probing a multilayer structure
at a normal incidence. f and b indicate the direction of forward and backward. The dj means the
thickness of layer j.
Inside the structure, layer j (1 < j < N) has a thickness of dj and refractive index nj. When the
light wave propagates through the layer j, its phase changes, and the phase shift factor (δj) is deﬁned
as
δj = djk =
2πdj
njλ
(3.8)
where k is the component of wave vector at the light propagation direction.
At the interface between layer j and j + 1, the amplitude of the wave changes following the
relationship shown as
Ef (j+1) = (Ef (j)e
iδj)tj,j+1 + Eb(j+1)rj+1,j (3.9)
Eb(j)e
−iδj = (Eb(j+1)tj+1,j + (Eb(j+1))e
iδj)rj,j+1 (3.10)
where, Ef (u) and Eb(u) are the amplitude of the wave propagating in layer u (u = j, j + 1) at
directions of forward and backward, respectively. tu,v and ru,v (u, v = j, j+ 1) represent the reﬂection
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and transmission coefﬁcients from layer u to layer v, and they follow the relationship of Equation 3.6,
i.e. ru,v = −rv,u and tu,vtv,u − ru,vrv,u = 1.
To simplify the calculation procedure of multilayer structure, we restructure and combine
Equations 3.9 and 3.10 into matrix format, described as
⎛⎝Ef (j)
Eb(j)
⎞⎠ = Mj
⎛⎝Ef (j+1)
Eb(j+1)
⎞⎠ (3.11)
where Mj is deﬁned as (j = 2, 3, . . . , N − 1)
Mj =
1
tj,j+1
⎛⎝e−iδj 0
0 eiδj
⎞⎠⎛⎝ 1 rj,j+1
rj,j+1 1
⎞⎠ (3.12)
Considering the whole multilayer model, we let the amplitude of the incident wave as 1, i.e.
Ef (1) = 1, and the ﬁnal reﬂected and transmitted waves have the amplitudes of Eb(1) = r and
Ef (N) = t, respectively. There is no incident wave from the bottom layer (N), so Eb(N) = 0. Therefore,
the r and t follow the relationship of
⎛⎝1
r
⎞⎠ = M˜
⎛⎝t
0
⎞⎠ (3.13)
where M˜ is described as
M˜ =
1
t1,2
⎛⎝ 1 r1,2
r1,2 1
⎞⎠M2M3 . . . MN =
⎛⎝M˜11 M˜12
M˜21 M˜22
⎞⎠ (3.14)
By combining Equations 3.13 and 3.14, we obtain the reﬂection and transmission coefﬁcients
which are given by[80]
r =
M˜21
M˜22
t =
1
M˜11
(3.15)
For multilayer structure with given thickness and refractive index of each unit layer, we can
numerically simulate reﬂection (R) and transmission (T) using Equations 3.6 - 3.8 and 3.12 - 3.15.
For the unknown ﬁlm, this method offers an approach to retrieve the effective refractive index
with the following procedures. First, we determine the R and T at normal incidence by optical
measurement. The total thickness of the structure is measured typically using a surface proﬁler.
Second, we consider this light propagation model (refer to Figure 3.6 (b)) as a three-layer structure,
i.e. air/ﬁlm/air or air/ﬁlm/substrate (if the thickness of the ﬁlm is far less then the thickness of
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its substrate). The effective reﬂection (Re f f ) and transmission (Te f f ) are calculated using the ﬁtted
effective refractive indices and measured thickness. At a reasonable range of ﬁtted refractive index,
all the calculated Re f f and Te f f are compared with the measured R and T. The ﬁtting process can be
done by computer and ﬁnally we can determine the best-ﬁtting effective refractive index (ne f f ) of the
ﬁlm. The effective permittivity can be then obtained by e f f =
√ne f f .
This retrieval method is designed for the incoherent light, as the coherent light will cause the
unexpected oscillation at the transmission and reﬂection spectra. Besides, the thickness of the
structure should be within a sub-wavelength scale to meet the requirement of EMT and avoid the
oscillation in spectra as we discussed in Chapter 2.
3.3.2 Characterisation of unit layers
The setup for optically characterisation is sketched in Figure 3.7. To characterise the optical properties
of the Ag and SiO2 layers, and also multilayer structures, a W halogen light source (Ocean Optics)
was used to probe samples at normal incidence with s polarisation. A collimation system (formed
with two coupled lenses) and an adjustable diaphragm were used to control the beam proﬁle of the
input light. A beam splitter (BS) was placed beneath the sample to guided the reﬂected light. The
transmitted and reﬂected signals were collected and spectrally analysed with two spectrometers
(Ocean Optics USB 2000 + VIS-NIR-ES, 350–1000 nm). This setup has already been built by our
group members, but I have also developed this apparatus and built new setups following same
optical rules for other optical measurements in my further works, for example, the characterisation
of ITO at NIR range.
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Figure 3.7: The digram of the optical path for measuring membranes, formed with the light input part
(W halogen source, collimation part and diaphragm), sample and signal collection parts (transmission
and reﬂection).
For every measurement, the transmitted and reﬂected signals were ﬁrst collected, followed with
the collection of the corresponding reference signals, i.e. the light intensities transmitted through the
air and reﬂected from an Ag mirror (Thorlabs). The Ag mirror was not ideal for detecting the real
reﬂection but had an average reﬂection of more than 95% in the visible range, which was enough for
the requirement of our measurement. Due to this, our measurement had an estimated uncertainty of
1%. The transmission (T) and reﬂection (R) were obtained by dividing the transmitted and reﬂected
by the related reference intensities.
Prior to the optical characterisation, the sample thickness was determined using a Dektak Surface
Proﬁler (Veeco). For example, to determine the thickness thin Ag ﬁlm, we ﬁrst covered part of
substrate (e.g. glass) during the evaporation process, and then scanned across the edge between Ag
layer and substrate using the surface proﬁler to obtain the thickness of the Ag ﬁlm.
Using the data of T, R and sample thickness, the effective refractive index (n) and extinction
coefﬁcient (k) were retrieved, thus the effective permittivity (, complex) was also obtained via the
relationship of  = (n+ ik)2.
Before fabricating and chartering the multilayer ENZ structure, we needed to ﬁrst determine the
optical properties of unit layers, i.e. Ag and SiO2 layer because the thin ﬁlms do not behave like
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the bulk materials. The Ag ﬁlms (6nm) with and without Ge layer were characterised ﬁrst, using
the setup shown in Figure 3.7. The measured transmission and reﬂection are shown in Figure 3.8.
The transmission of Ag (Ge) sample is about 40% higher than the one of Ag sample at the visible
wavelength range. The reﬂection values of both samples were very close, but the Ag sample reﬂects
more light at short wavelength range, compared to the Ag (Ge) sample.
The high transmission and low reﬂection of Ag ﬁlm are due to the high scattering. As we
discussed in the fabrication section, the cracks and roughness on the surface of the Ag thin ﬁlm with
the size of about 50 nm scatter the light with the wavelength of around 500 nm most, according to the
Rayleigh scattering mechanism. The light scattered in wide direction range and most of them cannot
be collected by the spectrometer in our apparatus. Hence the reﬂection of Ag sample decreased
dramatically. This phenomena also veriﬁed our discussion about the high scattering effect of the
rough surface the Ag sample in the fabrication section.
Figure 3.8: Measured transmission (T) and reﬂection (R) of the 6-nm Ag samples with and without
the Ge wetting layer, respectively.
Figure 3.9 shows the retrieved permittivity and refractive index of the Ag (Ge) sample, using the
measured values of T and R shown in Figure 3.8. The reference refractive index of Ag thin ﬁlms [66]
is shown in Figure 3.9 (b) and it ﬁt the measured value in acceptable range. Additionally, we can see
that the thin-ﬁlm Ag exhibits different optical responses compared to bulk Ag.
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Figure 3.9: Optical characterisation results of the Ag (Ge) sample based on the transmission and
reﬂection shown in Figure 3.8. (a) The retrieved epsilon (real and imaginary parts) of the sample.
(b) The retrieved refractive index (n-meas and k-meas) of this sample, compared with literature
reference values (n-ref, k-ref)[66].
The SiO2 unit layer (60nm) was then characterised using the same approach. Figure 3.10 shows
the high transmission (>90%), and low reﬂection (<10%) of the SiO2 layer, and indicates that the loss
of the layer is negligible, as we expected.
Figure 3.10: Measured transmission (T) and reﬂection (R) of the 60-nm SiO2 layer deposited on a
glass substrate.
The retrieved permittivity and refractive index of the SiO2 layer are shown in Figure 3.11. The
refractive index of the SiO2 ﬁlm is characterised as a value of about 1.5 at the visible range and ﬁt
the reference value[101] reasonably well.
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Figure 3.11: The retrieved epsilon (a) and refractive index values (b) of the SiO2 sample shown in
Figure 3.10, compared to the reference refractive values (n-ref, k-ref)[101].
3.3.3 Characterisation of multilayer ENZ structures
In order to verify the applicability of EMT to multilayer structures, we fabricated 3-, 4-, 5- and
6-bilayer ENZ ﬁlms on glass substrates, formed by the 6-nm Ag (Ge) and 60-nm SiO2 unit layers.
The measured transmission and reﬂection of these samples are displayed in Figure 3.12.
Figure 3.12: The measured transmission (a) and reﬂection (b) curves of 3-, 4-, 5- and 6-bilayer ENZ
samples.
Along with the number of bilayers increasing from 3 to 6, the average transmission decreases
by about 15%, while the reﬂection does not change much in general. The change of transmission is
related to the increase of both the loss and reﬂection when the number of Ag layer increase. This
complicated relationship cannot be determined directly by comparing the transmission and reﬂection
curves. Therefore, we retrieve the permittivity (real and imaginary parts) of these samples and
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present the values in Figure 3.13.
Figure 3.13: Real (a) and imaginary (b) parts of retrieved epsilon of different ENZ samples (3-, 4-, 5-
and 6-bilayer) based on the transmission and reﬂection results shown in Figure 3.12.
By comparing the real epsilon of these ENZ samples (Figure 3.13 (a)), we found that the curves
tend to converge and the zero permittivity wavelengths are approaching 748 nm, along with the
increasing of the number of bilayer. Additionally, based on the EMT (e f f = (mtm + dtd)/(tm + td)),
the effective epsilon (real part) are calculated using the parameters of the characterised Ag (Ge) and
SiO2 unit layers and shown in Figure 3.13 (a) as well. The real epsilon of 5- and 6-bilayer sample
approach the values calculated using EMT method. Hence, the EMT works well for 5- and 6-bilayer
structure to achieve the ENZ condition.
Figure 3.13 (b) showed the retrieved imaginary part of 3-, 4-, 5- and 6-bilayer ENZ samples, which
decreased along with the increasing of the number of bilayers.
The 6-bilayer sample showed oscillations in the curves of permittivity (both real and imaginary
parts), which was predicted in Chapter 2. Therefore, the 5-bilayer sample was enough to be used as
the ENZ MM.
To verify the reliability of the 5-bilayer Ag (Ge)/SiO2 structure, we did the numerical simulation
of the transmission, reﬂection and absorption of this structure using the multilayer model shown in
Figure 3.6 (b). The calculation results (Tc, Rc and Ac) show an acceptable ﬁtness to the measured Tm,
Rm and Am. The slight difference between experimental and numerical results could be explained by
the roughness of the multilayer structure during fabrication.
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Figure 3.14: Transmission (T), reﬂection (R) and absorption (A) of the 5-bilayer Ag (Ge)/SiO2 ENZ
sample in measurement (Tm, Rm, Am) and calculation (Tc, Rc, Ac) using measured values of
refractive index of Ag (Ge) and SiO2 unit layers shown in Figure 3.9 and 3.11.
Furthermore, by modifying the thickness of the SiO2 unit layer (td), we were able to manipulated
the ENZ range of this Ag/SiO2 multilayer structure. Figure 3.15 presented the retrieved permittivity
of the 5-bilayer ENZ structure with the thickness of SiO2 unit layer varied as 50, 60 and 70 nm. The
related real part of the effective permittivity reached zero at the wavelength of about 650, 745 and
850 nm, respectively. These samples were designed to enhance the emission of QDs, and the result
would be presented in the following section.
Figure 3.15: Real (a) and imaginary (b) parts of 5-bilayer ENZ samples formed by 6-nm Ag unit layer
and SiO2 unit layer with different thickness (td).
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3.4 Emission enhancement on ENZ substrates
This section presents the work of ENZ substrates enhancing the emission of QDs, both numerically
and experimentally.
Due to the vanishing permittivity and refractive index, the ENZ MMs are considered as optically
"thinner" media compared to most natural materials, e.g. air. Hence, the total reﬂection occurs when
light probes from air to ENZ media. This effect motivates the development of emission enhancement
using ENZ substrates. Here, we used semiconductor emitters, such as QDs[102], as light emitters
and managed to modify their emission properties using ENZ substrates.
QDs are nanoscale semiconductor crystals whose carriers are imprisoned in three spatial dir-
ections. The emission properties of QDs originate from the ﬂuorescence phenomenon of bulk
semiconductors and are controlled by the quantum conﬁned effect[103]. Figure 3.16 sketches the
different distribution of energy levels in bulk semiconductors and QDs.
Figure 3.16: Sketches of energy levels and ﬂuorescence processes in bulk semiconductors (a) and
QDs (b).
To understand the mechanism of the emission of QDs and also the ﬂuorescence of semiconductors,
we ﬁrst review several concepts, such as energy level, bandgap and density of states, etc.
Inside a semiconductor or insulator, electrons are conﬁned to different bands of energy, and
forbidden from other regions. Typically, valence band and conduction band are two states we focused
on. If electrons are all stay at the valance band, they cannot move free inside the material, and
thus the material is non-conductive in macroscopic. If some electrons jump to the conduction band,
the material is conductive as these electrons are free to move within the material and serve as a
charge carrier to conduct electric current. No electron states can exist between the valence band
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and conduction band, and these regions are called bandgaps. Electrons can jump from one band to
another, for example, from a valence band to a conduction band, which requires speciﬁc amount of
energy. The required energy differs with different materials and also have different sources, such as
phonons or a photons. Additionally, conductors, e.g. metals, have very small or no bandgaps due to
the overlap between the valence and conduction bands.
Considering the bulk semiconductors, the carriers (electrons) inside them can jump from valence
band to conduction band by absorbing excitation photons and jump back to valence band with
emitting lower-energy photons (Figure 3.16 (a)). Due to the relatively large spatial size and carrier
number, compared to the microscopic world, bulk semiconductors have continuous valence band
and conduction band, and thus their emission spectra are broadband. However, due to the size
limitation, the quantum effect appears in QDs, i.e. the energy levels become discrete (Figure 3.16 (b)).
This effect leads to the narrowband emission spectra of QDs.
Generally, the emission efﬁciency of semiconductors is determined by their density of states,
viz. the number of energy levels in unit energy range. Figure 3.17 sketches the density of states of
semiconductors changes along with the decreasing of spatial dimensions and sizes.
Figure 3.17: The density of states of semiconductors in different dimensions.
By compressing bulk semiconductors into nanoscale in only one dimension (direction), the
quantum wells are obtained. They are the most common 2D semiconductor materials, especially in the
ﬁeld of emitting lasers[104]. Quantum wells have macroscopic dimensions in two dimensions, while
the third dimension is about 10 nm large. The carriers in quantum wells move in two dimensions
similar to the bulk material, and is limited by the boundary barrier in the third dimension, thus
forming quantized energy level. Therefore, the density of states of quantum wells presents a stepped
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shape (Figure 3.17 (b)). Similarly, quantum wires represent the 1D semiconductors whose carrier
movement limited in two dimensions, and their density of states is further compressed and has
singularities at the energy threshold positions (Figure 3.17 (c)).
QDs are considered as the zero-dimensional (0D) materials as their sizes in three dimensions are
all less than 100 nm. The quantum conﬁned effect in three dimensions leads the discrete energy level
which similar to the structure of atoms or molecules[105]. The density of states of QDs is also similar
to the discrete linear absorption or emission peaks in atoms (Figure 3.17 (d)), so the QDs are also
known as "artiﬁcial atoms". Due to the minimal size, QDs have much higher density of energy levels,
compared to bulk materials, so their radiation transition intensity is greatly enhanced. These peculiar
characteristics, i.e. high stability, narrowspectral linewidth and short radiative lifetime, make QDs
excellent candidates for quantum light emitters at the single photon level[106, 107].
Here, we propose and demonstrate an approach to enhance the emission properties of GaAs QDs
using the multilayer Ag/SiO2 ENZ MMs we developed in Figure 3.15.
The GaAs QDs are embedded in semiconductor nanowires (NWs), typically, core-shell GaAs/aluminium
gallium arsenide (AlGaAs) NWs[108]. Semiconductor NWs are promising platforms for hosting
and optoelectronic manipulating QDs because of their high crystalline quality and integration
possibilities[109]. In addition, NWs and QDs can be fabricated successively using molecular beam
epitaxy (MBE) approach[110]. Generally, MBE process takes place in ultra-high vacuum, based on
vapor-liquid-solid (VLS) mechanism[111, 112]. Gaseous elements (atoms and molecules) condense
on monocrystal substrates and form the desired solid structures layer by layer. This method ensure
the high purity and crystalline quality.
The samples of GaAs QDs embedded in GaAs/AlGaAs NWs were prepared and provided by
our collaborators, Dr Zhang-Kai Zhou and Dr Ying Yu from the School of Physics and Engineering,
Sun Yat-sen University, Guangzhou, China.
3.4.1 FDTD modelling of emission enhancement
The simulation work was done using Finite-Difference Time-Domain (FDTD) method with a com-
mercial software, Lumerical FDTD Solutions. The FDTD approach differentiates Maxwell’s equations
in time and space, and then calculates alternately the electric ﬁeld and magnetic ﬁeld in the space
domain by using the leapfrog algorithm[113]. The changes of electromagnetic ﬁeld are simulated
by updating the time domain to achieve the purpose of numerical calculation. This method, i.e.
leapfrog algorithm, ﬁrst solves the electric ﬁeld vector components in a volume of space at a given
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instant in time, and then solves the magnetic ﬁeld vector components in the same spatial volume
at the next instant in time. This leapfrog process is repeated over and over again until the desired
transient or steady-state electromagnetic ﬁeld behaviour is fully evolved.
The advantage of FDTD method is that it can directly simulate the distribution of the electro-
magnetic ﬁeld with high precision, which is one of best methods for the numerical simulation in
optics. Besides, because it is a time-domain method, FDTD approach is capable to cover a wide
wavelength range with a single simulation run, and thus it is suitable for our purpose to calculate
the ENZ region of the multilayer structure.
To analyse speciﬁc problems with FDTD method, we need consider the geometric parameters,
material parameters, computational accuracy, computational complexity and computational stability
of the research object. Typically, as FDTD process requires that the entire computational domain
should be gridded, and the grid spatial discretisation must be sufﬁciently ﬁne to resolve both the
smallest electromagnetic wavelength and the smallest geometrical feature in the model. In the
numerical model used here, the ENZ condition was achieved using 5-bilayer Ag/SiO2 structure
with the same parameters, sketched in Figure 3.1. The Ag unit layer had a thickness (tm) of 6 nm.
The thickness of SiO2 (td) was variable, at three values (50, 60 and 70 nm), to achieve different
zero-permittivity wavelength. The grid sizes of each unit layers are designed to be smaller than
thickness and also the wavelength. For example, the grid size inside the 6-nm Ag unit layer is 2 nm.
The refractive indices of Ag and SiO2 conformed to References [114] and [67]. Additionally, to make
the multilayer structure symmetry, top and bottom layers were all SiO2 ﬁlms with a thickness of half
td.
The ENZ structures were probed with plane waves to characterise the ENZ region. The plane
waves had a wavelength with the range from 500 to 900 nm and the step size of 1 nm. The transmis-
sion and reﬂection signals were collected and used to retrieve the effective permittivity. The real and
imaginary parts of the retrieved permittivity are shown in Figure 3.18.
46
3.4. Emission enhancement on ENZ substrates
Figure 3.18: Real (a) and imaginary (b) parts of retrieved effective permittivity (epsilon) of ENZ
structures with different thickness of SiO2 unit layers (td), based on the calculated transmission and
reﬂection using FDTD approach.
Figure 3.18 (a) presents that the zero-permittivity (real) wavelength increases along with the
increasing of thickness of SiO2 unit layer. This makes it possible to test the inﬂuence of different
ENZ substrates on the quantum dot (QD) emission. Figure 3.18 (b) indicates that the imaginary part
of permittivity of three models are very similar and all increasing at longer wavelength range. By
comparing Figure 3.15 (a) and Figure 3.18 (a), we can ﬁnd that the fabricated ENZ samples have
similar real epsilons and ENZ ranges to the numerical results. Additionally, the imaginary epsilon
exhibit lower values (Figure 3.18 (b)) than the results of real samples (Figure 3.15 (b)), which is
mainly due to the ultra-thin Ag layer showing higher optical losses, compared to bulk Ag we used
in FDTD models.
Considering the enhancement of emission on ENZ substrates is due to the mechanics similar to
the total reﬂection as discussed in Chapter 2, we calculated the effective refractive index (n) using the
real and imaginary parts shown in Figure 3.18 and plot the absolute n of different ENZ structures in
Figure 3.19.
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Figure 3.19: Calculated refractive index (absolute value) of different ENZ structures based on the
permittivity shown in 3.18. The absolute n shows the minimum value at different wavelengths
according to the changing thickness of SiO2 unit layers (td).
The absolute value of the refractive index shows a minimum value due to the ENZ effect. The
absolute n moves toward the minimum value at longer wavelength range along with the increasing of
the thickness of SiO2 unit layers. Because the optical loss, which related to the imaginary permittivity,
cannot be ignored, the minimum value of the refractive index is positive and cannot reach zero as
we expected. Besides, the zero permittivity and minimum refractive index occur at almost the same
wavelength range, indicated in Table 3.1 and this agreement allows us to use the ENZ region to
represent the minimum-n range.
td Zero- wavelength Minimum-n wavelength
50 nm ˜693 ˜691
60 nm ˜755 ˜754
70 nm ˜843 ˜826
Table 3.1: The comparison of the zero- and minimum-n wavelengths in ENZ structures containing
6-nm Ag unit layer and SiO2 unit layer with different thickness (td).
Here, in the FDTD model, we changed the plane waves with electric dipoles which exhibited
similar emission behaviour to QDs. The dipoles were placed exactly on top of ENZ structures (Figure
3.20 (a)) and their reﬂection signals are collected and spectrally analysed (Figure 3.21 (a)). In addition,
to investigate the effect of ENZ substrate, compared to standard mirror, i.e. the dielectric/metal
bilayer structure, a control model (SiO2/Ag structure) was settled (Figure 3.20 (b)). In the mirror
model, Ag layer had a thickness of 30 nm, which is the sum of the thickness of Ag layers in the
5-bilayer Ag/SiO2 ENZ model. The thickness of SiO2 layer (td) varied at 0, 50, 100 and 120 nm.
48
3.4. Emission enhancement on ENZ substrates
Figure 3.20: Diagrams of electric dipoles locating on top of multilayer Ag/SiO2 ENZ structure (a)
and bilayer SiO2/Ag mirror slab (b). The reﬂection signals of dipoles were collected.
Figure 3.21 (a) indicates that the reﬂection of the dipole emission is increased by about 200%
at ENZ ranges, compared to non-ENZ ranges. The spectral range of enhancement conforms the
ENZ region and varies with the changing of zero-permittivity wavelength. The mirror structure
showed higher reﬂection at broad wavelength range, compared to the multilayer structure, and the
highest transmission region changed along with the variation of the thickness of the top SiO2 layer
(Figure 3.21 (b)). This is due to the SiO2 layer protect the electromagnetic waves from shorting out
by the metal (Ag) layer[115, 116]. The high reﬂection of the mirror occurs in broadband, and this is
not applicable for the applications that need narrow-band pumping, such as lasing[117–119]. The
emission enhancement just around the ENZ range is more suitable in this case.
Figure 3.21: Numerical signals of reﬂection of ENZ (a) and bilayer SiO2/Ag mirror (b) slabs with
different thickness of SiO2 layers. The vertical dashed lines in (a) represent corresponding zero-
permittivity wavelengths.
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3.4.2 Fabrication
Our collaborators prepared and provided the NWs samples, and the fabrication and transfer processes
were illustrated in Figure 3.22.
Figure 3.22: Sketch of the fabrication and transfer processes of GaAs QDs and GaAs/AlGaAs NWs.
QDs and NWs are ﬁrst deposited using MBE method then transferred directly to the top of ENZ
membrane and other substrates (e.g. glass).
First, the GaAs QDs and their hosts, core-shell GaAs/AlGaAs NWs, were fabricated on GaAs
(001) substrate using MBE method formed by two steps: pretreatment and deposition.
The GaAs substrate was pretreated by ﬁrst sputter-coating a 15 nm SiO2 layer and then immerging
in 10% hydroﬂuoric acid (HF) aqueous solution for 2 s to create randomly distributed vacancy spots
for the MBE growth. After that, the substrate was loaded into the MBE chamber (Veeco Mod Gen-II)
which was then pumped into 10−8 Torr. The last procedure before growth was that the substrate
was degassed for 10min at 700 ◦C.
The deposition process took place at the pressure of about 10−6 Torr and started from covering
the vacancy spots with 1 nm sized gallium (Ga) droplets. Then, the GaAs cores started growing
vertically. When the cores reached the designed length of 3.5 μm, the vertical growth was stopped by
depositing Ga droplets again, which also triggered the lateral growth of GaAs cores. As soon as the
width of cores reached 200 nm, the other two Al0.7Ga0.3As barrier shells with thickness of 200 nm
were deposited to cover the GaAs cores, and the GaAs QDs grew between them, laterally on the
facet of the NWs. Finally, the core-shell GaAs/Al0.7Ga0.3As NWs embedding GaAs QDs were coated
with another 60-nm GaAs layers to protect the QDs, typically against oxidation.
After deposition, the NWs embedding QDs can be transferred from GaAs substrate to other
structures or devices via direct-contact method. For instance, the NWs will located randomly onto
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target substrates (e.g. ENZ and glass slabs) after the contact with the GaAs directly. This procedure
is sketched in Figure 3.22 as well.
Figure 3.23 (a) presents the SEM image of a GaAs/AlGaAs nanowire (NW) transferred on top a
silicon (Si) substrate and points out the location of GaAs QDs. Figure 3.23 (b) shows a GaAs/AlGaAs
NW lying on an ENZ substrate.
Figure 3.23: SEM image of a GaAs/AlGaAs NW hosting GaAs QDs.
To investigate the inﬂuence of ENZ substrate on the emission of GaAs QDs, we managed to
transfer the NWs onto glass and ENZ substrates. The ENZ structures are identical to the FDTD
models presented in Figure 3.20 (a), i.e. the Ag/SiO2 multilayer structure with tm = 6 nm and
td = 50, 60, 70 nm. The SiO2 and Ag layers were fabricated using e-beam evaporation approach.
Before the evaporation of the multilayer structure, another piece of glass was ﬁrmly covered on
half of the glass substrate. Therefore, after deposition and removing the top glass sheet, the sample
contained both ENZ structure and control group (glass) was obtained (Figure 3.24). Beneﬁt from this
kind of sample, we transferred NWs onto ENZ structure and glass sheet at the same time. The ENZ
condition of these three samples were characterised as shown in Figure 3.15.
Figure 3.24: Photographs of ENZ samples with different thickness on glass substrates.
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3.4.3 Results
The GaAs/AlGaAs NWs embedding GaAs QDs were transferred onto the ENZ sample with
td = 60 nm and also glass substrate. Then the sample was mounted in an optical microscopy cryostat
(Montana) at cryogenic temperatures of 3.4K[120] and excited with a continuous-wave (CW) laser
with wavelength of 405 nm (Figure 3.25).
Figure 3.25: Diagram of the optical microscopy cryostat used to exciting QDs and collecting reﬂection
(emission) signals.
The reﬂection (emission) signals of QDs on ENZ sample and glass substrate were collected and
spectrally analysed. Figure 3.26 shows a typical result of the reﬂection comparison on different
substrates. The reﬂection of QD emission is enhanced by about 10 times near the zero-permittivity
wavelength range (around 740 nm).
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Figure 3.26: The comparison of the reﬂection signals of QDs located on the ENZ structure and glass
substrate.
We collected plenty of reﬂection signals of NWs located both on the ENZ structure and glass
substrate and analysed the intensity of emission peaks as a function of wavelength. The statistical
result (Figure 3.27) shows that the ENZ structure greatly enhances the reﬂection of QD emission at
the entire collection wavelength range (ENZ range). However, the inﬂuence at the non-ENZ region
cannot be obtained here and needs more investigation.
Figure 3.27: Statistic analysis of the reﬂection signals of QDs located on the ENZ structure and glass
substrate. The vertical dashed line represent the zero-permittivity wavelength.
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3.4.4 Discussion and further perspective
GaAs QDs embedded in GaAs/AlGaAs NWs are good candidates for illumination applications.
Here, we demonstrated that the ENZ substrates enhanced the QD emission in a way similar to
total reﬂection. At the interface of air/ENZ structure, the ENZ media are optically thinner than air,
therefore, most emission energy is reﬂected into the air side.
The numerical results proved this effect by comparing the reﬂection signal of the emission of
an electric dipole at ENZ and non-ENZ ranges. The experimental design combined the GaAs QDs
with ENZ substrates. By comparing the reﬂection signal of QDs located on ENZ structure and the
glass substrate, we found that the ENZ substrate enhanced the QD emission dramatically, by about
2 magnitudes at the ENZ range with low optical loss. The statistical analysis veriﬁed this as well.
However, due to the narrow spectral range in measurement, the comparison between ENZ and
the non-ENZ region is not shown. Hence, in further works, the broadband spectral measurement
and analysis are required. Additionally, the other emitting materials, such as colloidal QDs and
micro-disk emitters, can also be invested combined with ENZ media.
3.5 Conclusion
Here we demonstrated an approach to fabricating multilayer ENZ structure formed by Ag and SiO2
sub-wavelength layers, using e-beam evaporation method. By determining the thickness of Ag and
SiO2 unit layers as 6nm and 60nm, respectively, we achieved the ENZ condition at the wavelength of
about 748nm. Additionally, with the help of Ge wetting layer, the ultra-thin Ag layer exhibited high
smoothness and low scattering effect. This also reduces the total loss of the ENZ multilayer structure.
The ENZ samples with different bilayer numbers show different optical responses. By comparing the
numerical calculation based on EMT with the measured results, we found that the 5-bilayer structure
achieved the ENZ condition reliably and also showed a relatively low loss.
We built a multilayer light-matter interaction model based on Fresnel’s equations, to realising
the numerical simulation of the multilayer structure and the optical characterisation (retrieval) of
fabricated samples. This approach beneﬁts the process of designing and characterising ENZ MMs
and also the theoretical veriﬁcation of experimental measurement.
Furthermore, we have demonstrated an approach to enhance the emission properties of semicon-
ductor QDs, based on the ENZ substrate deﬁning. The numerical results predicted that the emission
of QDs (dipoles) will be enhanced dramatically after the introducing of ENZ substrates. In the model
of ENZ slab/dipole/air, the vanishing permittivity and refractive index of the substrate led to the
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effect similar to the total reﬂection, and thus directed the emitting energy mostly into the medium
with higher refractive index (air). In experiment, the multilayer ENZ structure was obtained using
e-beam evaporation approach. The enhancement of QD emission was observed at the ENZ range as
well. However, due to the limitation of the spectrum width, the emission at the non-ENZ region was
not obtained and this would be ﬁnished in the further works. In general, this enhancement effect
due to the presence of the ENZ substrate makes it possible to realise the directive photon amplifying
and optical beam steering.
These results exhibit a fundamental and signiﬁcant effect on the design of ENZ strictures and
promote the further application of ENZ MMs in tunable optical devices and emission enhancement.
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Flexible ENZ MMs
In this chapter, I show the work of designing and experimentally realising an optical free-standing
and low-loss ENZ MM. The motivation of this work is ﬁrst introduced by discussing the limitation
of the rigid substrate to ENZ structure and how the ﬂexibility breaks it. Then, we demonstrate the
fabrication and characterising processes of both rigid and ﬂexible ENZ slab in detail. Finally, an
application of the ﬂexible ENZ membrane is shown, followed with a conclusion. The work of this
chapter has been published in journal "APL Photonics".
4.1 Motivation
Many ENZ medium based applications, such as invisibility cloaking[121, 122], superlensing[123,
124] and optical sensing[125, 126], could beneﬁt from mechanical ﬂexibility[127]. Flexible MMs
can be tuned after fabrication and they can conform to targets with arbitrary shapes, decoupling
the fabrication constraints of the form factor of the targets[128]. In visible, infrared, terahertz and
microwave regimes, ﬂexible MMs exhibit great potential in imaging[77, 129–131], optical, chemical
and biological sensing, and the realisation of practically ﬂexible optoelectronic devices[132–136].
Here, we design and experimentally realise a low-loss, ﬂexible and free-standing ENZ MM in
the visible range. We use a metal/dielectric multilayer structure to achieve the ENZ condition.
By using a sacriﬁcial layer-assisted transfer method, we integrate the fabricated ENZ MM with a
ﬂexible substrate, and we show that it preserves its optical properties after 10000 bending cycles.
Furthermore, we experimentally prove that the ﬂexible ENZ membrane is able to conform on surfaces
with a radius of curvature of the order of few microns, and this makes it possible to realise the
superlens and other optical sensors.
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4.2 Fabrication
The ENZ MM is a metal-dielectric multilayer, where the unit cell consists of three layers made of
electron beam evaporated Ag (Ge) and a spin-coated, epoxy-based polymer (SU-8, Microchem),
respectively.
In the optical frequency range, Ag exhibits lower loss than most other noble metals[92, 93],
and SU-8 shows high ﬂexibility, good thermal stability and high transparency in the full visible
spectrum[137, 138]. SU-8 is commercially available in different formulations, to produce ﬁlms of
thickness that go from a few tens of nanometers to several tens of microns. Additionally, we have
tried other dielectric materials, such as SiO2 and hafnium dioxide (HfO2), but these thin ﬁlms exhibit
wrinkles and defects after bending, which are not ideal for the realisation of ﬂexible membrane.
Hence, with its stable optical properties and high ﬂexibility, the SU-8 layer is a good candidate for
acting as the dielectric layer for realising the zero permittivity condition and also the ﬂexible ENZ
membrane. To achieve the ENZ condition at the visible range (wavelength at about 680 nm), the
thicknesses of SU-8 and Ag layers are designed as 85 nm and 15 nm, respectively. The thickness of
each layer is detected by a surface proﬁler (Veeco Dektek 150).
SU-8 could be spun on the surface of a substrate (SiO2 or Si) with thickness varying from a few
nanometers to hundreds of microns, based on different spin speeds and concentrations. There were
two kinds of SU-8 used here: SU-8(3:1) with a weight concentration of SU-8(2000.5): SU-8(2050) = 3:1
and SU-8(1:2) with a weight concentration of SU-8(2000.5): cyclopentanone = 1:2. Figure 4.1 showed
the thickness of SU-8(3:1) and SU-8(1:2) as a function of the spin speed. The thicknesses of SU-8
layers were measured using a surface proﬁler. For each concentration, there were three identical
SU-8 ﬁlms were fabricated and their thicknesses were all measured to obtaining the uncertainties of
thickness, which were also shown in Figure 4.1.
Figure 4.1: The thickness of SU-8(3:1) (a) and SU-8(1:2) (b) spun for 1min in different speed.
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The Ag layers were deposited using e-beam evaporation method, in large scale and showing
controllable thickness. However, due to the poor wettability of Ag, the evaporated ultra-thin Ag ﬁlms
have relatively rough surface due to the cluster effect[97]. In the designed multilayer ENZ structure,
15 nm Ag layer shows obvious defects on its surface (Figure 4.2 (a)) and this caused high optical
loss[98] and scattering effects[99, 100]. To improve the smoothness of Ag layer, a popular method is
introducing a wetting layer, speciﬁcally a 0.7 nm Ge layer[98], as we discussed in Chapter 3, prior the
deﬁnition of Ag layer. Using this technique, it is possible to obtain smooth and continuous Ag layers
with a percolation limit below 5nm[64, 97, 98]. Considering the deposition of Ag layer is happened
on the surface of SU-8 layer, the other method to obtain ultra-smooth Ag layer is treating the SU-8
substrate with oxygen (O2) plasma prior the evaporation. The O2 plasma ashing was performed for
10 s in a plasma asher (GaLa Instrumente GmbH) with power of 100W and O2 gas ﬂow of 3 sccm.
The surface morphology of Ag layers under different treating conditions are shown in Figure
4.2. Ag layers were deposited on top of 85 nm SU-8(1:2) layer. Without any treatment, the Ag layer
shows obvious cracks on its surface (Figure 4.2 (a)). By comparing Figure 4.2 (a) and (b), we can ﬁnd
that the presence of Ge wetting layer reduce the surface roughness dramatically and qualitatively
indicates that the Ge seeding layer improves the Ag layer smoothness. Similarly, by treating the
SU-8 layer with O2 plasma, we largely improved the smoothness of Ag layer but left inconspicuous
clusters on the surface (Figure 4.2 (c)). Finally, by treating the SU-8 layer with both plasma ashing
and Ge wetting layer, we obtained the best smoothness of the Ag layer (Figure 4.2 (d)), which was
comparable to the one treated with only Ge wetting layer. Hence, both plasma ashing and Ge
wetting layer beneﬁt the deposition of ultra-smooth Ag layer, while the Ge wetting layer has a better
performance. Besides, considering the potential contamination during the plasma ashing, we only
used the Ge wetting layer for improving the smoothness of Ag layers in the fabrication of multilayer
ENZ structures. The homogeneous Ag layer with low absorption was then obtained.
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Figure 4.2: SEM images of 15 nm Ag layers deposited on identical SU-8(1:2) layers under different
treating circumstances: (a) with neither Ge wetting layer nor O2 plasma ashing; (b) with Ge wetting
layer but no O2 plasma ashing; (c) with O2 plasma ashing but no Ge wetting layer; (d) with both Ge
wetting layer and O2 plasma ashing.
The ﬂexibility is realised by using another polymer OmniCoat (Microchem), serving as the
sacriﬁcial layer. The OmniCoat can be spun on Si or glass substrates before the deﬁnition of the
multilayer structure and then dissolved by a tetramethylammonium hydroxide (TMAH) based
solution (speciﬁcally, MF 319 (Microposit)), after the deﬁnition of ENZ structures.
The fabrication process of Ag/SU-8 ﬂexible ENZ membrane (FlexENZ) is shown in Figure 4.3.
A glass or Si (rigid) substrate was ﬁrst cleaned by ultrasonic bathing in acetone and IPA, each for
5min. A sacriﬁcial layer (Omnicoat) is deposited on the rigid substrate through spin coating and
baked for 1 minute at 230◦C. Next, a supporting layer of SU-8(3:1) with the thickness of 3 μm is spun
coated on the sample and baked at 100◦C for 5 minutes, followed by UV exposure for 3 minutes and
post-exposure baking at 100◦C for 2 minutes (Figure 4.3 (a)), to promote the permanent cross-linking
of the polymer. This layer facilitates the mechanical handling of the ﬁnal device, but it does not
contribute meaningfully to its optical properties and, if required, can be completely eliminated. To
obtain the ENZ condition in the visible range, we chose a unit cell with a total thickness of 100 nm,
with a 15:85 metal to dielectric ratio. Then a 15 nm metallic (Ag) layer and its 0.7-nm Ge wetting
layers were deposited via e-beam evaporation, followed with the deﬁnition of a SU-8(1:2) layer
with thickness 85 nm, obtained via spin coating and then baked, exposed and post-exposure baked
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with the same parameters used for the thick support layer (Figure 4.3 (b) and (c)). After repeating
several rounds (e.g. 3, 4 and 5) of the deposition of Ag and SU-8(1:2) layers, the multilayer structure
desired was obtained (Figure 4.3 (d)). Here we show results with devices made of up to 5 bilayers,
which is sufﬁcient to homogenise the response of the multilayer. After that, the OmniCoat layer was
removed using MF 319 in a few hours and the multilayer ENZ membrane was then released (Figure
4.3 (e)). Finally, the multilayer metamaterial was transferred to cover irregular objects (typically
micro-spheres) located on Si or glass substrates (Figure 4.3 (f)).
Figure 4.3: Fabrication process of FlexENZ. (a) The deposition of sacriﬁcial layer (Omnicoat) and
supporting layer (SU-8(3:1)) on stiff substrate (glass or Si). (b) and (c) The deﬁnition of ﬁrst
metal/dielectric (Ag/SU-8(1:2)) bilayer. (d) Repeating the deposition of bilayers. (e) and (f) Releasing
the ENZ membrane and transferring it to cover irregular object.
Figure 4.4 shows the released ENZ membrane transferred onto a ﬂexible plastic frame. The
centre of the plastic sheet was cut out to exposing the ENZ membrane for further measurement and
transferring to cover other objects.
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Figure 4.4: A representative photograph of a hand-held FlexENZ. The FlexENZ was transferred onto
a ﬂexible plastic sheet with a hole in the centre.
4.3 Characterisation
We characterised the optical properties of the fabricated devices using a collimated beam of 5mm
generated by a tungsten halogen light source, at normal incidence to the sample. The transmitted and
reﬂected signals were collected and analysed with two optical spectrometers. To this extent we used
the standard retrieval approach demonstrated in Chapter 3[139], which uses Fresnel’s equations[80]
to extract the effective complex permittivity ( = (n+ ik)2) of a thin ﬁlm of an unknown material,
which based on the measured transmission (T) and reﬂection (R) spectra.
In Figure 4.5 (a), we report refractive index (n) and extinction coefﬁcient (k) of different SU-8
layers, suitably spin-coated on a glass substrate, in both the formulations used for the thick and thin
layers. From the measurements, we obtained effectively constant refractive indices of 1.64 and 1.66,
respectively, with negligible losses (k ≈ 0). With its stable optical properties and high ﬂexibility, the
SU-8 layer is a good candidate for acting as the dielectric layer for realising the zero permittivity
condition with high ﬂexibility.
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Figure 4.5: Optical characterisation results of SU-8 layers and the 15 nm Ag layer. (a) The refractive
index (n) and extinction coefﬁcient (k) of measured SU-8 layers in different concentrations. (b) The n
and k of the Ag layer (with Ge wetting layer) in measurement (n-meas, k-meas) and reference (n-ref,
k-ref)[66].
As discussed in the fabrication section, the Ge wetting layer did improve the smoothness of the
Ag ultra-thin layer, and this is quantitatively conﬁrmed by the retrieved optical parameters, shown
in Figure 4.5 (b). The retrieved refractive index (n-meas) and extinction coefﬁcient (k-meas) of Ag
layer show that the ﬁlm behaves like bulk Ag, with values reported in literature[66].
To check for consistency of the measured data, Figure 4.6 we show the measured transmission
(Tm), reﬂection (Rm) and absorption (Am) spectra for a 5-bilayer ENZ MM, compared to the
respective spectra Tc, Rc and Ac, calculated by using Fresnel’s equations and the values measured n
and k of SU-8(1:2) and Ag layers reported in Figure 4.5 (a) and (b).
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Figure 4.6: Transmission (T), reﬂection (R) and absorption (A) of 5-bilayer Ag/SU-8(1:2) structure in
measurement (Tm, Rm, Am) and calculation (Tc, Rc, Ac) using measured n and k of SU-8(1:2) and
Ag layers shown in Figure 4.5 (a) and (b).
Furthermore, it is important to verify the validity of the EMT for our samples. We fabricated 3-,
4- and 5-bilayer ENZ samples on glass substrates using the same parameters of Ag and SU-8(1:2)
layers as the ones used in Figure 4.5. We measured the transmission (T) and reﬂection (R) spectra of
these samples before their releasing from the rigid carriers, and that of the free-standing 5-bilayer
sample. Figure 4.7 (a) and (b) show the measured T and R of rigid and released ENZ samples. With
the number of bilayer increasing, the T and R curves all tend to converge, which indicates that the
effective permittivity theory works well in the 5-bilayer situation.
63
4.3. Characterisation
Figure 4.7: Transmission (a) and reﬂection (b) characterisation of rigid 3-, 4- and 5-bilayer and ﬂexible
5-bilayer ENZ structures.
According to the measured T and R signals in Figure 4.7 (a) and (b), the permittivity (real and
imaginary parts) of related ENZ samples was retrieved and shown in Figure 4.8.
Figure 4.8: Real (a) and imaginary (b) parts of retrieved epsilon of different ENZ samples (rigid 3-, 4-
and 5-bilayer and ﬂexible 5-bilayer) based on the T and R shown in Figure 4.7.
As the layer number increases the permittivity values tend to converge toward the theoretical
curve, obtained using the EMT with the retrieved values of the permittivity of the individual layers
(Figure 4.8 (a)). It should be noted that the imaginary part of the retrieved permittivity for the
ﬂexible case appears to be much higher than the rigid case. We attribute this difference to the change
in reﬂectivity (see panel (b) of the same ﬁgure), caused by a not perfectly planar surface after the
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membrane release. Hence, the EMT works well for the 5-bilayer ENZ membrane which can be
considered as FlexENZ after releasing for further investigation.
4.4 Results and discussion
To verify the ability of the FlexENZ to withstand deformations without compromising its optical
properties, we transferred the free-standing 5-bilayer sample onto a ﬂexible plastic frame, as shown
in Figure 4.9 (a). The sheet was then ﬁxed onto a motorized translation stage (Thorlabs) and subject
to up to 10000 bending cycles (BCs) with optical measurements performed at the end of various
cycles. Figure 4.9 (b) sketches the curved sheet that has arclength L=4 cm and the cord distance D
varied from 1.5 to 3 cm via the moving translation stage. Correspondingly, the curvature (deﬁned as
the reciprocal of the radius) of the free-standing ENZ MM was changed from 0.5 to 0.2 cm−1.
Figure 4.9: The photograph (a) and diagram (b) of a curved 5-bilayer FlexENZ ﬁxed on a motorized
translation stage.
In Figure 4.10, we report the transmission (a) and reﬂection (b) spectra of the FlexENZ sample
after 10, 100, 1000 and 10000 BCs, using the optical characterisation setup described in Section 4.3.
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Figure 4.10: Measured transmission (a) and reﬂection (b) of 5-bilayer FlexENZ sample after different
BCs, from 0 to 10000.
After every bending, the T curve of the FlexENZ remain the same and the R curve shows
little difference within 10%. Additionally, the retrieved real permittivity, shown in Figure 4.11 (a),
remains identical after bending. The imaginary epsilon (Figure 4.11 (b)) shows overall low value
and does not change much due to the bending effect. These results for the different number of BCs
remain essentially unchanged, proving that our ﬂexible ENZ MM can withstand large mechanical
deformations while preserving its optical properties with a very high level of reversibility and
repeatability.
Figure 4.11: Retrieved epsilon (real and imaginary parts) of the FlexENZ sample after bending
different times, based on the T and R shown in Figure 4.10.
Finally, to test the compliance of the membrane, we transferred the FlexENZ sample on a Si
substrate containing sulfate latex microspheres with a diameter of 6 μm (curvature of 6000 cm−1).
The high curvature is recognisable in top-view SEM images, of the coated spheres, as shown in
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Figure 4.12 (a). To better investigate the coverage of the microspheres, we cut through the ENZ
MM coated sphere using focused ion beam (FIB) milling. In order to protect the top SU-8 layer,
we deposited a protective platinum (Pt) thin layer before the FIB process via ion beam-induced
deposition (IBID)[140]. Figure 4.12 (b) and (c) show the cross-section SEM images of the interface
between the sphere and FlexENZ. As visible in Figure 4.12 (b), the cut sphere appeared deformed.
At this stage, we were not able to ascertain with absolute certainty whether this was due to the
weight of the membrane or the FIB processing. In any case, this effect would have to be considered
where the application requires coating delicate or deformable samples.
Figure 4.12: SEM images of the FlexENZ sample covering sulfate latex spheres. (a) and (b) Top
viewing and cross-section SEM images of FlexENZ covering spheres. (c) SEM image to show the
Ag/SU-8(1:2) multilayer ENZ structure marked in (b) with a red dash frame.
Another method to test the tightness of the FlexENZ covering sphere is using the optical
microscope. The curvature caused by the contact between spheres and ENZ membrane clearly
exhibited Newton-Rings patterns (Figure 4.13). The gap between adjacent rings is related to the
probing wavelength and the order of the rings. If needed, the curvature can be obtained by probing
the sample with single-wavelength laser, but the illuminating source of the microscope is a white
source (broadband), we cannot directly calculate the curvature of the Newton-Rings patterns. Even
so, the uniform rings distribution indicated qualitatively that the curvature at the sphere/membrane
interface was homogeneous.
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Figure 4.13: Microscope images of curved FlexENZ over the spheres beneath and showing Newton-
Rings pattern.
We believe that this high-curvature covering method will help ENZ structures to overcome the
diffraction limitation and realise high-resolution imaging on a micro or even a nanoscale.
4.5 Conclusion
In this work, we designed and fabricated a ﬂexible free-standing ENZ MM consisting of Ag/SU-8
multilayers. The SU-8 layer was fabricated using the spin coating method and showed high ﬂexibility
and negligible optical loss. The Ag layer was deposited in an e-beam evaporator and obtained high
smoothness and low optical loss with the help of Ge wetting layer. The ENZ condition was achieved
at about 680 nm by repeating the deﬁnition of the SU-8 and Ag layers 5 times which conformed to
the EMT.
The ﬂexible ENZ MM was created particularly by introducing an Omnicoat sacriﬁcial layer
between the ENZ structure and the rigid substrate. We showed that the optical properties of
the FlexENZ do not signiﬁcantly change after repeated, macroscopic and sustained mechanical
deformations (up to 10000 cycles). The free-standing ENZ MM can also ﬁt surfaces with a radius
of curvature of the order of few microns. We believe that our results could enable novel tunable
nano-optical components for achieving ENZ-based applications such as ﬁeld enhancement, wavefront
shaping, all-optical modulation and optical sensing.
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Graphene-based ENZ MMs
In this chapter, I propose a method to design and fabricate graphene-based ENZ MMs that formed
by graphene and dielectric nanolayers and can be used for ﬂexible and tunable ENZ membrane
applications. I have not ﬁnished the demonstration of the ENZ response of graphene/dielectric
multilayer structure here, but managed the fabrication protocol and obtained some initial results.
The structure of this chapter is as follows. First, I brieﬂy explain the motivation of this project
and introduce the design mechanics and numerical results of the graphene/dielectric multilayer
ENZ model. Then, the fabrication of both graphene and multilayer structures are demonstrated. The
characterisation of graphene layers using various approaches is also presented. Finally, I present the
optical behaviour of the graphene-based ENZ structures in both visible and infrared regime, and
also the preliminary results of electrically tuning of the structures.
5.1 Motivation
The multilayer structure constructed by metal and dielectric components in the sub-wavelength range
is a popular approach to realised the ENZ MMs. However, this structure shows high absorption due
to the high optical loss of the metal unit layer[25, 92]. This limits its feasibility of applications in the
optical range. Additionally, metal layers show poor tunability about their optical properties[26], and
this effect reduces the possibility of tuning the ENZ structure. Here, we propose another multilayer
structure to achieve the ENZ condition by replacing the metal layer with graphene layer, as graphene
exhibits negative and tunable permittivity at visible and infrared frequencies, with low optical
loss[141].
Graphene[142, 143], known as a real 2D semi-metal material, attracts wide attention because of its
tunable optical properties, physical ﬂexibility and high electron mobility[144–146]. The permittivity
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of graphene is determined by its conductivity which can be tuned via applying an external electric
ﬁeld, chemical or molecular doping and thermal stimulation[147–149]. Therefore, graphene has great
potential for realising tunable multilayer ENZ structure. Besides, beneﬁting from the single-layer
atomic structure, graphene also exhibits extremely high ﬂexibility and plasticity with a considerable
toughness, which makes it a great candidate as the component of ﬂexible MMs. Graphene has
been applied into variable ﬁelds, for example optical modulation[145], polarisation dependent
absorption[141, 150] and surface cloaking[151].
Here we investigate a graphene/dielectric multilayer structure to realise ENZ condition which
can be tuned by applying voltage in visible and infrared regime. The CVD approach is demonstrated
in this chapter to produce high-quality, high-performance and monocrystal graphene. Under the
condition of high temperature and low pressure, carbon sources (e.g. methane (CH4)) will pyrolyse
and be reduced by speciﬁc gas (e.g. hydrogen (H2)) to produce free carbon atoms which form the
graphene ﬁlm on the surface of transiction metals (e.g. copper (Cu) and nickel (Ni))[152]. The
graphene samples are characterised via Raman spectroscopy[153, 154], custom made atomic force
microscope (AFM) and other optical and electrical methods. The multilayer graphene/dielectric
structures are achieved by stacking or rolling unit layers. However, we have not experimentally
realised a fully workable ENZ structure here. We believe that the tunable graphene-based ENZ MMs
offer a new platform for optical switching, photonic memory and other optoelectronic applications.
5.2 Numerical modelling of graphene/PMMA multilayer structure
The graphene/dielectric multilayer structure is designed based on the EMT and sketched in Figure
5.1. As the probing light propagates along the stacking direction in our measurement, we only
consider the effective permittivity (⊥) of the multilayer structure perpendicular to the stacking
direction here. In the sub-wavelength range, the ⊥ is described as
⊥ = (tgg + tdd)/(tg + td) (5.1)
where tu, u (u = g, d) are the thickness and permittivity of unit layers, and the subscripts g, d
represent the graphene and dielectric layers, respectively.
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Figure 5.1: Diagram of graphene/dielectric multilayer structure to achieving ENZ condition.
In the visible regime, we choose polymethyl methacrylate (PMMA) as the dielectric unit layer
because of its high transparency and ﬂexibility. This is also prepared for realising the ﬂexible ENZ
structure. The permittivity of PMMA (d) is described as[155]
d = 1+
0.99654λ2
λ2 − 0.00787 +
0.18964λ2
λ2 − 0.02191 +
0.00411λ2
λ2 − 3.85727 (5.2)
where λ is the wavelength of probing light with the unit of μm.
Graphene has an effective permittivity which relates to its conductivity (σg) and thickness, and
described as[149, 156]
g = 1− i σg
ω0tg
(5.3)
where 0 is the permittivity of vacuum, ω is the angular frequency of the incident wave.
At the visible and infrared range, the conductivity of graphene is determined by Kubo for-
mula[149, 157], shown as
σg = − i4πq
2kBT
h2(ω − i2τ) [
μc
kBT
+ 2ln(e−μc/kBT + 1)]− i4πq
2(ω − i2τ)
h2
∫ ∞
0
fD(−ξ)− fD(ξ)
(ω − i2τ)2 − 16(πξ/h)dξ
(5.4)
where q means the electron charge, kB is Boltzmann constant, T represents absolute temperature,
h is Planck constant, ω stands for the angular frequency of incident wave, τ is the phenomenological
scattering rate ( 0.1 meV), μc represents the chemical potential and fD(ξ) is the Fermi-Dirac function
( fD(ξ) = 1/[e(ξ−μc/kBT) + 1]).
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The μc can be controlled by doping, changing temperature and applying voltage[158]. The easiest
and most reliable way to tune the μc is applying gate voltage Vg, given by the relationship of[159]
|μc| = h¯vF
√
π
∣∣a0(Vg −Vdirac)∣∣ (5.5)
where h¯ is reduced Planck constant, vF = 9× 105 m/s is the Fermi velocity of Dirac fermions in
graphene, a0 ≈ 9× 1016 m−2V−1 is the constant estimated from the parallel-plate capacitor[160], and
Vdirac is the voltage offset resulted from the defect or doping in graphene and typically its value is
small and we set it as 0 here.
To demonstrate the voltage tuning effective permittivity of the graphene/dielectric multilayer
structure, we consider a speciﬁc model formed by graphene and PMMA unit layers. The thickness of
a single graphene layer is 0.335 nm[161] and we set the thickness of PMMA (td) as 10 nm and 40 nm,
respectively. At visible range, the effective permittivity (⊥) of the graphene/PMMA multilayer
structure changes along with the applying voltage and the wavelength of incident wave, shown in
Figure 5.2.
Figure 5.2: The calculated effective permittivity (⊥) of the graphene/PMMA multilayer structure
formed by unit layers of single-layer graphene and PMMA layer with different thickness (td) of 10 nm
(a) and 40 nm (b). The zero permittivity (ENZ) regions are marked with solid black lines.
When td =10 nm, Figure 5.2 (a) shows that the effective permittivity of the multilayer structure
can be tuned from positive to negative at the entire visible range by applying voltage from 0 V to 200
V. With the thickness of PMMA increasing to 40 nm, the ENZ region only locates at high-voltage
range (100 - 200 V) and at long-wavelength range (700 - 1000 nm). Considering the fabrication process,
the 10 nm PMMA is difﬁcult to obtain via spin-coating method, hence the model with td =40 nm
is more practical. In Figure 5.3, we present the calculated real and imaginary parts of the effective
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permittivity (epsilon, ⊥) of the graphene/PMMA multilayer structure, at the condition of td =40 nm
and Vg varying at 100, 150 and 200 V. The real part of epsilon reaches 0 at different wavelengths
along with the changing of applied voltage (Vg) and the whole structure shows extremely low loss
according the value of imaginary epsilon. This calculated results promise the possibility to realise
the electrically tunable graphene/PMMA ENZ structure.
Figure 5.3: The calculated effective real (a) and imaginary (b) permittivity of the graphene/PMMA
multilayer structure, at the condition of td =40 nm and Vg =100, 150, 200 V.
5.3 Fabrication and transfer of graphene
5.3.1 CVD process of graphene
The problem of large-area fabrication has been a major obstacle to the industrial development
of graphene. At present, there are three main methods for the preparation of graphene. (i) The
mechanical exfoliation method[162]: graphene prepared by this method have the same interlayer
arrangement style as natural graphite crystal structure with minimal defects and highest quality,
but the sample size is very small (e.g. at the range of several microns) and the production efﬁciency
is low. (ii) The CVD method[152]: this method can be used for preparing large-area graphene.
Although the defect and uniformity are relatively high, this kind of graphene can meet the basic
requirements of scientiﬁc research and application by showing excellent optical properties. (iii) The
chemical reduction of graphite oxide method[163]: this method can only be used to produce thick
graphene with a large number of layers. The quality of this kind graphene is relatively poor, and the
crystal orientation is uncertain, which is difﬁcult to apply in the ﬁeld of electronics.
Here, we use the CVD method to prepare graphene. The CVD method is based on the pyrolysis
of carbon compounds (e.g. CH4) and the growth on the substrate. This method originated from the
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deposition of "single-layer graphite" pattern forming on the surface of a Pt substrate in low energy
electron diffraction experiment[164]. These graphite patterns were then called "surface carbon", and
they were dispersed on the surface of the platinum ﬁlm[165]. Based on this discovery, there are many
works focused on different metal substrates and different annealing conditions and engaged in the
formation of a single-layer or a few-layers of graphite. The viable metal substrate includes Ni, iron
(Fe), Pt, palladium (Pd) and Cu[166–168]. The CVD method for fabricating graphene can be divided
into two kinds, based on different mechanisms[168–170]. (i) The carbon carburising mechanism:
this method applies to the synthesis process on Ni and other metal substrates with high carbon
solubility. Carbon atoms deriving from carbon source pyrolysis in high temperature inﬁltrate into
the metal substrate and then separate out when the cooling process begins and form the graphene
layer. (ii) The surface growth mechanism: this method is used in Cu and other metal substrates with
low carbon solubility. At high temperature, carbon atoms are adsorbed by the metal substrate and
distribute on the surface to form the "graphene island". In the following cooling process, continuous
graphene is formed from the "graphene islands" in two-dimensional growth.
Multilayer graphene is easily grown on the Ni substrate, but the quality is not as good as the
graphene on the Cu substrate. On the contrary, it is relatively easy to grow a single-layer and
multilayer graphene with better quality on the Cu substrate. Besides, compared to the mechanical
exfoliation method for the growth of graphene, the most signiﬁcant advantage of the CVD method is
large-area and controllable preparation, and the CVD graphene can be easily transferred to other
substrates for desired applications. High-quality CVD graphene can easily achieve the continuous
monolayer level, with the size up to millimetre level and also good crystal quality[171, 172].
In order to deposit single-layer graphene, we use the Cu foil (Alfa Aesar) as the substrate with
the custom developed CVD apparatus sketched in Figure 5.4. The deposition occurs in a quartz tube,
which surrounded by a high-temperature furnace. The furnace is ﬁxed onto a translation stage, to
allow the fast cooling of the sample to room temperature. The tube is connected to a high-vacuum
pumping system including a vacuum pump and a pressure detector. During the CVD process, three
gases, argon (Ar), H2 and CH4, are injected into the tube. We use pressure regulators to control the
ﬂow rate and ratio of gases. The Ar is the protection gas of the system due to its inactive and stable
chemical properties, especially at high temperature[173]. The H2 gas reacts with the CH4 gas to
create graphene molecules and also able to remove and prevent the oxidation of the Cu substrate.
74
5.3. Fabrication and transfer of graphene
Figure 5.4: Diagram of the CVD apparatus, which contains a quartz tube hosting the Cu foil, a
movable high-temperature furnace, a vacuum pumping system, and the gas injection system.
Figure 5.5 illustrated the fabrication procedure of the CVD method. First, the Cu foil, typically
with size of 2 cm by 4 cm and thickness of 25 μm, was cleaned and deoxidised in a 20% acetic acid
aqueous solution, before loaded into the quartz tube, followed by the gas washing of the tube via
vacuum pumping and Ar injection alternatively for 3 times, to creating an oxygen-free atmosphere.
Then, the tube was evacuated into 300 mTorr and heated to 1000 ◦C. Next, the substrate was annealed
at the temperature for 30 minutes with a 500 sccm gas ﬂow of Ar and 10% H2. During the annealing
process, H2 removed the oxide on the surface of Cu, and this effect also increased the Cu grain size
which will beneﬁt the growth of large and uniform graphene. After that, the deposition step started
at the same temperature and the pressure of 100 mTorr. The CH4 gas injected for different time (1 -
10 minutes) to create graphene ﬁlms with a different number of layers. Under the protection of Ar
and catalysation of H2, CH4 atoms decomposed at high temperature on the surface of Cu ﬁlm to
form a carbon–metal solid solution. The graphene was synthesised at the ﬁnal step when the system
was cooled down to room temperature at variable cooling speed. The carbon atoms diffused from
the solid solution and form the single- or few-layer graphene on the surface of Cu. The number of
the graphene layer is related to the time of reaction with CH4, the gas ratio between H2 and CH4,
and also the cooling rate. The relationship between the number of graphene layers and fabrication
parameters are discussed in detail in the characterisation section.
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Figure 5.5: Sketch of the fabrication process of the CVD process, including oxygen purging, heating,
annealing, growing and cooling steps, and also the speciﬁc temperature, gas atmosphere and time
consumed at each step.
In Figure 5.6, we present the Cu foils before and after the graphene deposition. The introducing of
graphene changes the colour of Cu foil via adding more grey colour. This is also a visual judgement
of the quality of the CVD graphene, as the high-temperature treating will not change the colour of
the acid cleaned Cu foil and only the graphene deposition introduces the whitish colour.
Figure 5.6: Photographs of the Cu foil with and without graphene on the surface.
5.3.2 Graphene transfer
The CVD graphene on the Cu substrate cannot be characterised or used directly, as the bonding
between graphene and Cu substrate is strong and the substrate will inﬂuence the characterisation
process, e.g. Raman spectroscopy[169]. Therefore, we need to transfer the graphene sheet to other
substrates, e.g. Si, glass, PMMA, ZnSe and Ge. Various approached have been developed to
transfer graphene according to different transfer media, such as thermal release tape (TRT)[174,
175], PMMA[176, 177] and polyethylene terephthalate (PET)[178]. At present, the transfer methods
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based on TRT and PMMA are most popular because they can support the graphene ﬁlm without
folding while the Cu substrates are dissolved. However, both of them have disadvantages. The TRT
ﬁlm introduces chemically adhesive contaminations, and this adhesive dramatically inﬂuences the
performance of graphene in optical and electric regimes[179]. As for the PMMA ﬁlm, although it
will not bring in complicated contaminations since it can be dissolved by solvent easily, it is also
easily cracked and torn during the transfer of large-scale graphene (more than 1 cm)[177, 179], due
to its terrible strength. Another efﬁcient and low-contamination method to transfer graphene uses
PET ﬁlm. Graphene ﬁlms attach on the PET ﬁlm via a pre-coated adhesive layer (silicone) based
on physisorption mechanics[180] and this prevents the chemical contamination. Typically, PET
ﬁlms, such as screen protectors for cellphone or iPad, are commercially available and can be easily
obtained. Therefore, the PET transfer method is the main approach we used in this work because
of its high efﬁciency. The PMMA transfer method was also used here for some parts of graphene
characterisation and other applications.
The PMMA transfer process is ﬁrst introduced here and shown in Figure 5.7. The graphene/Cu
sheet were ﬁrst ﬂatted by two glass slides (Figure 5.7 (a)) which were cleaned via acetone and IPA
ultrasonic bath for 5 minutes each. Then, a PMMA layer (MicroChem, 495 A2) was spun coated
on the graphene side of the graphene/Cu sample (Figure 5.7 (b)), at 1000 rpm for 1 minute. To
prevent the shrink caused by high temperature baking, the PMMA layer was naturally dried at room
temperature for 8 hours, followed by O2 plasma treating for the other side (Cu) of the sample at
the power of 100 W and gas ﬂow of 3 sccm for 1 minutes (Figure 5.7 (c)). This step removed the
residual PMMA at the Cu side, to ensure the Cu exposed for reacting with the dissolving solution.
The next step is ﬂoating the Cu/graphene/PMMA sample on the iron chloride (FeCl3) aqueous
solution (1 M) to etch the Cu substrate for about 3 hours (Figure 5.7 (d)). After dissolving the Cu
completely, the graphene/PMMA sample was rinsed in deionised (DI) water 3 times to remove
residual FeCl3 etchant and transferred onto the desired substrate and dried with nitrogen (N2).
Finally, the graphene was transferred onto the ﬁnal substrate and the PMMA layer was dissolved in
acetone for about 1 hour.
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Figure 5.7: Sketch of the graphene transfer procedures using PMMA ﬁlm. (a) Flattering the
graphene/Cu sample. (b) Spin coating the PMMA layer onto the graphene side. (c) Plasma treating
in the O2 atmosphere to remove the residual PMMA at the Cu side. (d) Removing Cu substrate in
FeCl3 aqueous solution. (e) Transferring the graphene/PMMA sample onto desired substrate. (f)
Removing the PMMA layer in using acetone.
As we discussed and demonstrated, the PMMA transfer method is not suitable for large-area
graphene because the thin PMMA layer is easily folded and cracked during the etching process of
Cu substrate (Figure 5.8). Additionally, the PMMA transfer approach takes long time, i.e. about 2
days.
Figure 5.8: Photograph of the graphene/PMMA membrane ﬂoating on the FeCl3 aqueous solution,
related to the step (d) in Figure 5.7.
Therefore, we prefer another method relied on the PET ﬁlm, and the process is illustrated in
Figure 5.9. The transfer process is similar to the PMMA method, but the total time is much less
78
5.3. Fabrication and transfer of graphene
because we do not need to treat and dissolve the PET ﬁlm like the processes of PMMA.
Figure 5.9: Sketch of the graphene transfer procedures using PET ﬁlm. (a) Flattering the graphene/Cu
sample. (b) Attaching the PET ﬁlm onto the graphene/Cu sample at the graphene side. (c) Removing
Cu substrate in FeCl3 aqueous solution. (d) and (e) Washing and transferring the graphene/PET
sheet onto desired substrate. (f) Pealing off the PET layer.
The procedures of PET transfer is described here. First, we also ﬂatted the grapnhene/Cu sheet
via compressing the sample with two cleaned glass slides (Figure 5.9 (a)). Next, a PET ﬁlm was
attached to the graphene side of the sample via directly contacting (Figure 5.9 (b)), followed by the
Cu etching in the FeCl3 aqueous solution (Figure 5.9 (c)). The graphene/PET ﬁlm was then cleaned
with DI water and transferred onto the desired substrate (Figure 5.9 (d) and (e)). After waiting for 3
minutes, the PET ﬁlm was pealed off to leave the graphene on target substrate.
Figure 5.10 (a) and (b) present the image of graphene transferred onto Si and glass substrates,
respectively. We initially tested the quality of transferred graphene via microscope observation and
the microscope image in Figure 5.10 (c) indicates a high uniformity of the graphene sample.
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Figure 5.10: Images of transferred graphene sample. (a) and (b) Photographs of graphene samples
on Si and glass substrates, respectively. The graphene regions are marked with white dashed lines.
(c) The microscope image of the marked region with red dashed frame of the graphene/glass sample
shown in (b).
5.4 Characterisation of graphene
Graphene can be considered as single-layer graphite, but its thickness is not only the size of the
carbon atoms, i.e. about 0.142 nm[181], due to the roughness and wrinkle. The thickness of monolayer
graphene is commonly considered as 0.335 nm, which is the interplanar spacing for graphene sheets
stacking to form graphite. This value has been veriﬁed by measurement using various methods,
such as AFM[182] and surface plasmon resonance (SPR)[183]. Because of the minimal thickness of
monolayer graphene, the conventional observation method (e.g. optical microscope, SEM) cannot
determine the existence and the number of graphene layers. There are several methods of determining
the number of graphene layers, such as Raman spectroscopy method[154, 184, 185], AFM method[32,
186] and optical absorption determination methods[187]. In this section, we characterise graphene
ﬁlms with different layers using these three methods. Additionally, the conductivity measurement of
graphene ﬁlms are also presented here and to help us determine the quality of graphene.
5.4.1 Raman spectroscopy method
Raman spectroscopy is an accurate method for the determination of the number of graphene
layers[153, 154]. This method is based on Raman scattering effect[188]. When incident light interacts
with a material, most photons undergo elastic Rayleigh scattering, while about only one in a million of
them undergo inelastic Raman scattering[189]. The photons which scatter inelastically exhibit energy
transfer and thus the Raman scattering light has a frequency shift compared to the incident light. For
incident light with different frequencies, by analysing the size and strength of frequency shift (Raman
shift) of the scattering light, we can determine the molecular vibration, rotation, and interaction with
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phonon of the sample, which means the molecular type of the sample is identiﬁed[190]. Raman
spectra of graphene well reﬂect the characteristics of the electronic structure and number of layers of
different graphene samples.
A Raman Microscope system (NT-MDT NTEGRA Spectra) was used to characterising graphene
samples. The graphene sample was probed by a focused laser with wavelength of 473 nm and
diameter of 200 μm. The exposure (integration) time of the laser was set as 1 minute for all samples.
The scattered signals were collected, and spectrally analysed, and converted into the Raman spectra.
Figure 5.11 present the typical Raman spectra of graphene with different layers. There are three
characteristic peaks shown in the Raman spectra of graphene, i.e. D, G and 2D peaks[191]. Peak
D locates at about 1360 cm−1 and stands for the crystal-defect degree of graphene, and its higher
intensity means the higher crystal-defect degree[177]. Peak G presents at about 1580 cm−1 and
represents the plane vibration of carbon[154]. There will be a frequency shift of peak G to higher
frequencies along with the increasing of the number of graphene layers. In addition, the intensity
of peak G (I(G)) will increase when the number of graphene layers increases. Peak 2D appears at
approximately 2700 cm−1 and represents the interactions between the graphene layers. Peak 2D
exhibits complicated shaping changing for graphene with different layers. Generally, it becomes
broader and higher along with the increasing of the number of graphene layers as the peak is formed
by many neighbouring single peaks[154, 192]. The intensity of peak 2D(I(2D)) and the width of it are
inversely proportional to the number of graphene layers. This means that the peak 2D will become
sharper along with the decreasing number of graphene layers. Hence, the monolayer graphene with
good quality should have no peak D and with high intensity of peak 2D and low intensity of peak G.
The intensity ratio between peaks 2D and G also indicate the number of graphene layers, i.e. the
number of graphene layers is proportional to the ratio of I(2D) to I(G)[154, 192].
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Figure 5.11: Raman spectra of slow-cooling graphene samples with different number of layers: 2 (a),
5 (b), 8 (c) and 10 (d).
The graphene samples with Raman spectra shown in Figure 5.11 were fabricated using CVD
process at a condition of slow cooling with a time of more than 8 hours. Using the slow-cooling
method, we easily obtained the multilayer graphene by controlling the CH4 injection (reaction) time.
The key parameters of the reaction part of these CVD processes were presented in Table 5.1.
Reaction parameters
Sample Gas Reaction time Pressure Cooling time
Figure 5.11 (a) CH4 30 sccm; Ar + 10% H2 200 sccm 2 minutes 100 mTorr 8 hours
Figure 5.11 (b) CH4 30 sccm; Ar + 10% H2 200 sccm 3 minutes 100 mTorr 8 hours
Figure 5.11 (c) CH4 30 sccm; Ar + 10% H2 200 sccm 5 minutes 100 mTorr 8 hours
Figure 5.11 (d) CH4 30 sccm; Ar + 10% H2 200 sccm 10 minutes 100 mTorr 8 hours
Table 5.1: The reaction parameters used in the slow-cooling CVD process to fabricating the graphene
samples with Raman spectra shown in Figure 5.11.
In this case, the CH4 molecules were ﬁrst decomposed at 1000 ◦C and formed the carbon–metal
solid solution together with the Cu substrate. When the temperature started dropping down, the
graphene layers were synthesised from the carbon–metal solid solution all the time before the
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temperature reached 500 ◦C, even the CH4 injection was stopped at the start point of cooling[193].
By controlling the reaction time at 3, 5, and 10 minutes, we controlled the injected CH4 gas amount
and thus obtained 5-, 8- and 10-layer graphene, receptively. The number of graphene layers were
estimated from the Raman spectra[154, 192] shown in 5.11 (b) - (d). By reducing the reaction time
down to 2 minutes, we still obtain the 2-layer graphene ﬁlm, indicated from the Raman spectrum
(I(2D) : I(G) ≈ 2) shown in Figure 5.11 (a). The relationship between the number of graphene layers
and the ratio of I(2D) : I(G) was presented in Table 5.2
Sample I(2D) : I(G) N
Figure 5.11 (a) 1.8 2
Figure 5.11 (b) 0.8 5
Figure 5.11 (c) 0.6 8
Figure 5.11 (d) 0.5 10
Table 5.2: The relationship between the number of graphene layers (N) and the ratio of I(2D) : I(G) of
the graphene samples with Raman spectra shown in Figure 5.11.
However, the graphene samples produced using this method always exhibit high defect level, as
the peak D in Figure 5.11 (a) - (d) were obvious no matter how thick the graphene sample is. The
main reason for this effect was that the synthesis process of graphene at low temperature (< 900 ◦C)
was not stable and the graphene domains were smaller than the normal size.
To reduce the defect level and improve the optical response of graphene ﬁlms, we managed
the fast-cooling CVD process by moving the furnace away from the sample side and expose the
sample to room temperature directly. This approach shortened the cooling time into 15 minutes, at a
temperature from 1000 ◦C to room temperature. Table 5.3 showed the parameters for operating the
fast-cooling CVD processes.
Reaction parameters
Sample Gas Reaction time Pressure Cooling time
Figure 5.12 (a) CH4 30 sccm; Ar + 10% H2 200 sccm 10 minutes 100 mTorr 15 minutes
Figure 5.12 (b) CH4 40 sccm; Ar + 10% H2 200 sccm 10 minutes 100 mTorr 15 minutes
Figure 5.12 (c) CH4 50 sccm; Ar + 10% H2 200 sccm 10 minutes 100 mTorr 15 minutes
Figure 5.12 (d) CH4 60 sccm; Ar + 10% H2 200 sccm 10 minutes 100 mTorr 15 minutes
Table 5.3: The reaction parameters used in the fast-cooling CVD process to fabricating the graphene
samples with Raman spectra shown in Figure 5.12.
Beneﬁting from the fast cooling approach, we deposited graphene sheets with low defects which
were indicated in the Raman spectra shown in Figure 5.12. The D peaks of graphene samples are
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much lower, compared to Figure 5.11. In this case, to realise the fabrication of graphene with the
different number of layers, we modiﬁed the gas ratio here, typically by keeping the ﬂow of Ar and
H2 as a constant (200 sccm) and changing the gas ﬂow of CH4 from 30 to 60 sccm. The related
Raman spectra were illustrated in Figure 5.12. Additionally, the ratio of I(2D) : I(G) for different
graphene samples were shown in Table 5.4.
Figure 5.12: Raman spectra of fast-cooling graphene samples with different number of layers: 2 (a), 3
(b), 5 (c) and 8 (d).
Sample I(2D) : I(G) N
Figure 5.11 (a) 2 2
Figure 5.11 (b) 1.1 3
Figure 5.11 (c) 0.8 5
Figure 5.11 (d) 0.6 8
Table 5.4: The relationship between the number of graphene layers (N) and the ratio of I(2D) : I(G) of
the graphene samples with Raman spectra shown in Figure 5.12.
5.4.2 AFM method
Another common way to check the surface morphology and the thickness of graphene is using AFM
system with a resolution down to the atomic scale. We tested the 5-layer graphene whose Raman
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spectra are shown in Figure 5.11 (b) using AFM approach with the help of our collaborators in the
School of Chemistry.
Figure 5.13 showed the AFM scanning results of the graphene sample. The cantilever hosting
tip scanned from graphene position (A) to the glass position (B), as shown in Figure 5.13 (b). The
thickness variation curve (Figure 5.13 (b)) indicated that the average hight difference between A and
B was about 2 nm and veriﬁed the number of graphene layers (5) estimated from Figure 5.11 (b).
Figure 5.13: The AFM scanning results of a 5-layer graphene ﬁlm located on a glass substrate. (a)
The thickness variation along with the scanning from point A (graphene) to point B (glass). (b) The
microscope image of the scanning route from point A to B.
The AFM approach can only qualitatively determine the thickness of the graphene layer, especially
for single layer graphene, because of its low thickness. Additionally, the AFM system is in the School
of Chemistry, and we do not have enough time to measure all the graphene samples. Therefore, we
present this result as an assisted approach to characterise the number of graphene layers.
5.4.3 Absorption characterisation
The other optical characterisation method of graphene was based on the absorption measurement at
the visible range. A collimated beam of 5mm generated by a tungsten halogen light source was used
to probe graphene/glass structures at normal incidence to the sample. The transmission (T) and
reﬂection (R) of the samples were obtained by using optical spectrometers. Eventually, the absorption
(A) was calculated using the equation of A = 1− T − R.
First, the glass substrate was characterised before the graphene/glass samples. The measured
transmission and reﬂection, and calculated absorption of the glass substrate (1mm thick) were shown
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in Figure 5.14. The absorption of the glass was indicated with a value of about 1%.
Figure 5.14: Transmission, reﬂection and absorption characterisation of the glass substrate.
The graphene samples with the number of layers of 2, 5, 8 and 10 were then characterised. They
were transferred onto glass substrates, and their transmission and reﬂection were presented in Figure
5.15. The transmission of graphene samples decreased dramatically along with the number of layers
increasing (Figure 5.15 (a)), while the reﬂection changed at the range of 5% (Figure 5.15 (b)).
Figure 5.15: Transmission (a) and reﬂection (b) of the graphene samples with number of layers of 2,
5, 8 and 10, and transferred onto glass substrate.
Figure 5.16 showed the absorption of these graphene/glass samples. After subtracting the
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absorption of the glass substrate, the absorption of 2-, 5-, 8- and 10-layer graphene were obtained
as 5%, 11%, 17% and 24%. As the single layer graphene exhibited an absorption of 2.3% and the
absorption of multilayer graphene can be simply estimated as the number of layers multiplies the
single-layer absorption[141], the measured absorption veriﬁed the number of graphene layers which
were estimated from the Raman spectra (Figure 5.11).
Figure 5.16: Absorption characterisation of the graphene/glass samples with different number of
graphene layers of 2, 5, 8 and 10.
5.4.4 Electric characterisation
The electrical properties are important features of graphene, especially for the purpose of tuning
graphene/dielectric multilayer structure via the application of voltage.
For this purpose, we deposited two 100-nm thick Au electrodes using e-beam evaporation on a
glass substrate to measure the residence of a graphene sheet that placed across the electrodes (Figure
5.17).
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Figure 5.17: Apparatus diagram to measuring the conductivity of graphene samples. Graphene sheet
locates on a glass substrate across two Au electrodes.
The resistance (R) of the graphene sheet was measured using a digital multimeter by probing the
two electrodes after graphene transferred on the substrate across them. The length (L) and width
(W) of the graphene area between the two electrodes were measured using a vernier calliper. Then,
the resistivity (ρ) of graphene was determined via ρ = RWtg/L, where tg was the thickness of the
graphene layer. The conductivity (σ) of graphene was the reciprocal of ρ, i.e. σ = L/RWtg. As the
thickness of graphene, tg, was extremely thin and could not be determined accurately, a common
method to characterise the electrical property of graphene was calculating the sheet resistance (Rs)
via Rs = RW/L. This approach gives the conduction capability of graphene but not linked with the
thickness of graphene. Table 5.5 presented the calculated Rs of the graphene sheets with different
layers, and also the estimated σ of graphene using the tg values obtained from Raman spectra.
Graphene Rs (kΩ/) σ (×103S/m)
2 layers 123.1±30.2 12.1±3.0
5 layers 13.8±3.3 21.2±5.1
8 layers 9.7±2.0 38.6±6.2
10 layers 7.4±1.8 40.4±9.8
Table 5.5: The measured sheet resistance and conductivity of graphene ﬁlms with different number
of layers.
Along with the number of layers increases, the Rs of graphene reduced, and thus the conductivity
increased. The Rs of the 2-layer graphene ﬁlms we fabricated have a value around 123 kΩ/, which
is slightly higher than the reported value range (0.1 - 100 kΩ/) from literature[194], but Rs of
multilayer graphene sheets exhibits dramatical deceasing, down to about 7.4 kΩ/, which promises
the high electrical quality of the graphene samples for further optoelectronic applications.
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5.5 Realisation of graphene/PMMA multilayer structure
This section demonstrates two approaches to realise the graphene/PMMA structure multilayer, via
directly stacking and rolling methods, respectively.
Figure 5.18 sketched the directly stacking approach. A glass substrate was ﬁrst cleaned by acetone
and IPA ultrasonic bathing and a sacriﬁcial layer (Omnicoat) was spin coated on the rigid substrate
and baked for 1 minutes at 230◦C (Figure 5.18 (a)). A 40 nm PMMA layer was then spun coated on
top of the Omnicoat layer and baked at 180◦C for 5 minutes (Figure 5.18 (b)), followed by a graphene
layer transferred, via PET method (Figure 5.18 (c)). Next, the OmniCoat layer was removed using
MF319 in a few hours and the graphene/PMMA ﬁlm was released (Figure 5.18 (d)). Using the steps
described above, we obtained several graphene/PMMA bilayer ﬁlms (Figure 5.18 (e)) and stacked
them together on another cleaned glass substrate, and the graphene/PMMA multilayer structure
was obtained (Figure 5.18 (f)).
Figure 5.18: Diagram of fabricating graphene/PMMA multilayer structure using directly stacking
approach. (a) The deposition of sacriﬁcial layer (Omnicoat) on stiff substrate (glass). (b) and (c)
The deﬁnition of graphene/PMMA bilayer. (d) Realising the graphene/PMMA bilayer structure via
etching the Omnicoat layer. (e) Repeating the depositing and releasing steps of bilayers. (f) Stacking
the graphene/PMMA bilayers to create the graphene/PMMA multilayer structure.
The stacking of 2 graphene/PMMA bilayers succeeded, as shown in Figure 5.19 (a). However,
due to the poor toughness of thin PMMA ﬁlm, the stacking structure shows obvious cracks and
folds, especially for the second bilayer ﬁlm, indicated by the microscope image shown in Figure 5.19
(b). Hence, we needed another method to realise the graphene/PMMA multilayer structure.
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Figure 5.19: Photograph (a) and microscope image (b) of the double bilayer graphene/PMMA
structure.
We tried the other method by rolling the single graphene/PMMA bilayer with an optical ﬁbre,
inspired by the work presented in Reference [195]. The diagram of the rolling precess was presented
in Figure 5.20. First we obtained the free standing graphene/PMMA bilayer via the steps (a) - (d)
sketched in Figure 5.19. Then, the bilayer sample was ﬂoated on DI water, and rolled on an optical
ﬁbre with a diameter of 125 μm (Figure 5.21 (a) and (b)).
Figure 5.20: Sketch of the optical ﬁbre rolling graphene/PMMA bilayer ﬁlm.
For the rolling sample shown in Figure 5.21 (c), the rolling process ﬁnished six full circles, and
the graphene/PMMA multilayer was obtained.
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Figure 5.21: (a) and (b) Photographs of the process of the optical ﬁbre rolling graphene/PMMA
bilayer ﬁlm. (c) The free standing rolled graphene/PMMA/optical ﬁbre sample, ﬁxed by blue tapes.
In order to determine the dispersion property of the graphene/PMMA/optical ﬁbre sample, we
measured the sample with a supercontinuum laser. The laser was focused onto the optical ﬁbre
sample using a 50x objective lens, and the transmitted and reﬂected signal were collected through
an identical objective lens and analysed using two spectrometers. The transmission and reﬂection
results of different parts of the sample were displayed in Figure 5.22.
Figure 5.22: Transmission (a) and reﬂection (b) of different samples: blank optical ﬁbre, optical
ﬁbre coated with multilayer PMMA ﬁlm and optical ﬁbre coated with graphene/PMMA multilayer
structure.
The blank optical ﬁbre, optical ﬁbre coated with multilayer PMMA ﬁlm and optical ﬁbre coated
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with graphene/PMMA multilayer structure were tested successively, and the transmission decreased
dramatically, from about 25% down to about 3% (Figure 5.22 (a)). The reﬂection of these three parts
are all lower than 10% (Figure 5.22 (b)). This was due to the curved surface of the optical ﬁbre
that scattered most of the light, and thus the collection of the spectrometer in the reﬂection path
decreased dramatically. The microscope images of the graphene/PMMA/optical ﬁbre sample shown
in Figure 5.23 also veriﬁed this. Additionally, the roughness of the graphenePMMA ﬁlm, caused by
the folding and tearing happened in the rolling process, also enhanced the scattering effect.
Figure 5.23: (a) Microscope images of the optical ﬁbre coated with graphene/PMMA multilayer
structure. (b) The zoomed-in image of the area marked in (a) with a dashed blue frame.
We were aiming to realise the ENZ response using this rolled-up multilayer graphene/PMMA
structure, but due to the poor strength and high roughness of the released PMMA layer, we did
not manage that and focused onto the rigid graphene/dielectric multilayer structure in the infrared
regime.
5.6 Electrical tuning graphene/dielectric structure at infrared range
In this section, we present the other graphene/dielectric model, typically the graphene/ZnSe
structure operated at infrared range (i.e. 10.6 μm). The ZnSe thin ﬁlm can be deposited onto different
substrates using e-beam evaporation approach. Figure 5.24 present the 100-nm thick ZnSe ﬁlm
evaporated on glass or Si substrates.
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Figure 5.24: Photographs of ZnSe layers with the thickness of 100 nm, deposited on glass and Si
substrates, using e-beam evaporation method.
The permittivity of ZnSe (ZnSe) follows the relationship[196] of
ZnSe = 1+
4.45813734λ2
λ2 − 0.2008598532 +
0.467216334λ2
λ2 − 0.3913711662 +
2.89566290λ2
λ2 − 47.13621082 (5.6)
where λ is the wavelength with the unit of μm of the incident light.
Using the optical characterisation method shown in Chapter 3, we measured the transmission
and reﬂection (Figure 5.25 (a)) of the ZnSe thin ﬁlm on glass substrate shown in Figure 5.24. The
refractive index (n+ik) was then retrieved and shown in Figure 5.25 (b), and ﬁtted the reference value
very well. Therefore, we estimated the refractive index of ZnSe as the value of 2.4, at the wavelength
of 10.6 μm, according to Reference [196].
Figure 5.25: Optically characterisation of the 100-nm thick ZnSe layer at visible range. (a) Meaured
transmission (T) and reﬂection (R) of the ZnSe layer. (b) Retrieved refractive index (n-meas, k-meas)
of the ZnSe layer, compared to the reference value (n-ref, k-ref)[196].
We considered the thickness of ZnSe unit layer as 100 nm and the effective permittivity of the
graphene/ZnSe multilayer structure was simulated along with the changing of applied voltage,
based on the EMT. Figure 5.26 illustrated the numerical result of the effective permittivity (⊥) of the
graphene/ZnSe multilayer structure. Here, we focused on the wavelength range around 10.6 μm, and
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the zero permittivity condition occurred at the applying voltage equalling to about 1V. Additionally,
the effective permittivity turned from positive to negative and showed obvious value changing when
the voltage applied varying from 0 to 5V. These results offered the chance to tune the ENZ region
by applying different voltage onto the graphene/ZnSe multilayer structure.
Figure 5.26: The calculated effective permittivity (⊥) of the graphene/ZnSe multilayer structure
formed by unit layers of single-layer graphene and ZnSe layer with thickness (tZnSe) of 100 nm. The
zero permittivity (ENZ) regions are marked with solid black lines.
At the wavelength range around 10.6 μm, low-loss Si exhibited high transmittance[197] as it
absorption is small. Therefore, it was a good candidate for hosting the graphene/ZnSe structure as a
substrate. Before realising the multilayer structure, we designed and fabricated an 1-bilayer structure
consisted of graphene and ZnSe unit layers, which sketched in Figure 5.27 (a). An 100 nm ZnSe ﬁlm
was ﬁrst deposited onto a low-loss and high-resistance Si wafer, followed by the deﬁnition of Au
electrodes with thickness of 50 nm. Finally, the graphene ﬁlm was transferred onto the ZnSe layer
via PET method, across two electrodes as well.
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Figure 5.27: Diagram (a) and microscope image (b) of the 1-bilayer graphene/ZnSe structure.
Figure 5.27 (b) showed the microscope image of graphene layer covered on the surface of both
the ZnSe layer and Au electrode.
A carbon dioxide (CO2) laser was used to detect the optical response of the graphene/ZnSe
sample. The sample was mounted on a translation stage and probed by the collimated laser beam at
normal incidence, with a wavelength of 10.6 μm and beam size of 3mm. The transmitted signal was
collected by a power detector. The setup was sketched in Figure 5.28.
Figure 5.28: Diagram of the optical path used to detect the transmitted power of the graphene/ZnSe
sample, and also the diagram of sample stage moving to exposing different parts of the sample to
the laser beam.
In order to calibrate the laser stability, we measured the power of the laser transmitting through
the air and the blank Si substrate with the thickness of 100 μm at normal incidence. The power of the
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laser exhibit unstable oscillation (Figure 5.29 (a)), while the osculation became obvious after the laser
transmitted through the Si wafer (Figure 5.29 (b)). We believed that this oscillation effect was caused
by two reasons: ﬁrst, the instability of the laser could be enhanced by the thermal effect of the Si
substrate; second, the etalon effect might occur inside the Si wafer. Further investigation would be
needed to determine the reason.
Figure 5.29: The power changing of the CO2 laser transmitting through air (a) the blank Si substrate
(b) at normal incidence along with the time increasing.
Considering the unstable power of the incident laser transmitted the Si substrate, we set the
sample stage moving along the direction perpendicular to the laser beam. The moving distance is
for one period is 2 cm, and the moving period of the stage is 3 seconds, including a 1 second waiting
time at both moving end positions. This approach was designed to collect the transmitted power of
the laser propagating through both the graphene and substrates at a stable power period. Using this
approach, we tested a graphene/Si sample and the transmitted power changing along with time as
illustrated in Figure 5.30. The stage moved fast enough to ensure that the laser propagated through
graphene/Si and blank Si structure alternatively at every stable-power period (Figure 5.30 (a)).
Additionally, in one stable-power period, we could determine the average power of laser propagating
through graphene/Si structure (G) or blank Si substrate (S) (Figure 5.30 (b)). The transmission of the
graphene layer was then obtained via the ratio between average power (G) through the graphene/Si
structure and average power (S) through blank Si substrate.
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Figure 5.30: (a) Transmitted power of laser propagating through graphene/Si structure and blank
Si substrate as a function of time. (b) The transmitted power through graphene/Si structure (G) or
blank Si substrate (S), zoomed in from the marked region in (a) by a red dash frame.
Using the same setup and test method, we measured the transmission of bilayer graphene/ZnSe
structure and blank ZnSe ﬁlm on the Si substrate at different applying voltage conditions. Figure
5.31 (a) showed that the transmission of graphene/ZnSe structure decreased when we applied higher
voltage, compared to the blank ZnSe ﬁlm. This phenomenon partly veriﬁed that the effective permit-
tivity of the graphene/ZnSe structure decreased along with the increasing voltage, according to the
simulated transmission of the graphene/ZnSe/Si structure, using Fresnel’s equations demonstrated
in Chapter 3.
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Figure 5.31: (a) Measured transmission of bilayer graphene/ZnSe structure and blank ZnSe
ﬁlm on the Si substrate with different voltage applied. (b) The calculated transmission of the
graphene/ZnSe/Si structure at the incident wavelength of 10.6 μm and with different voltage ap-
plied.
5.7 Conclusion
We demonstrated the fabrication process of graphene using CVD approach with different parameters
and found that the fast cooling process was required to create low-defective graphene sheet. We
characterised the number of layers and optical properties of graphene ﬁlms by using Raman
spectroscopy method, AFM method, absorption determination method and electrical approach.
By using directly stacking and optical ﬁbre rolling method, we created graphene/PMMA mul-
tilayer membranes, but with high roughness and poor optical response.
In the infrared regime, we designed and fabricated an 1-bilayer grapheneZnSe structure. By
applying different voltage, we found that the transmission of this structure decreased along with the
voltage increasing. We believe that these results will open a door toward the tunable ENZ MMs and
further applications.
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Chapter 6
ITO and applications associated with EBID
This chapter presents the works about the fabrication, characterisation and applications of isotropic
ENZ material made of ITO. The fabrication of ITO using sputtering approach is demonstrated ﬁrst,
followed by the electrical and optical characterisation of ITO samples fabricated under different
conditions. We then present the work about a fabrication technique based on EBID and discuss its use
for the enhanced optical chirality based ITO/nanohelix hybrid platforms. Finally, we demonstrate
the photonic trimming of the emission of QDs located in different platforms via decorating the
QDs using EBID approach, and also summarise the results and further perspectives of the work
combining ENZ platform and QDs.
6.1 Fabrication of ITO
There are several methods for fabricating ITO thin ﬁlms, such as evaporation[198, 199], CVD[200],
spray pyrolysis[201], sol-gel approach[202] and magnetron sputtering[203]. Among them, magnetron
sputtering is the most popular and reliable approach due to its stable deposition process, high
reproducibility and uniformity, especially for large-area deposition[204, 205]. In the magnetron
sputtering process, gaseous plasma and high-energy ions (e.g. Ar+) is generated and eroded onto
the target material to produce the free atoms which travel through the vacuum environment and
deposit onto a substrate to form a thin ﬁlm. Additionally, the magnetron sputtering has two kinds of
plasma discharge mode, i.e. direct current (DC) and RF. The DC sputtering is a popular approach for
depositing materials with low resistivity, for example, metals and TCOs. However, the ITO created
by DC sputtering is usually amorphous and shows poor surface morphology, which will lead to
unexpected optical responses[206], which is not suitable for our ENZ purpose. On the contrary, the
RF sputtering offers an effective approach to deposit low-resistivity and high transparency crystalline
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ITO thin ﬁlms. Hence, we use the RF sputtering method to fabricate ITO layers for our ENZ and
other applications.
The RF sputtering process of ITO was completed in a commercial system (ANGSTROM ENGIN-
EERING), sketched in Figure 6.1. The substrate (glass) was ﬁrst cleaned with ultrasonic bathing
of acetone and IPA for 5 minutes each and mounted onto the sample holder in the chamber. The
holder was able to heat the substrate and monitor the temperature of the sample. Then the chamber
was pumped into an ultra-low pressure (2× 10−7 Torr), and the substrate was heated to the desired
temperature. After that, the required gases (Ar and O2) were injected and the deposition started. In
order to generate plasma, a high voltage was applied between the cathode (connected to target) and
the anode (connected to the sample holder and ground). A magnet system was also used to conﬁning
the plasma around the surface of target and avoiding the damaging of the sample substrate.
Additionally, with the help of a RF generator with 13.56 MHz, electrons were created in the
sputtering gas and accelerated away from the cathode causing collisions with nearby gas atoms.
These collisions led to an electrostatic repulsion by knocking off electrons from the sputtering gas
atoms, i.e. ionisation. The positive gas ions were then accelerated towards the cathode and hit
the surface of the target material, typically the ITO here. The sputtering gas typically had a high
molecular weight, such as Ar, to obtain high collision energy. The released target atoms with enough
kinetic energy reached the substrate and formed the ﬁlm. The deposition of ITO was done with a
rate of 0.05 nm/s, at the pressure of 3 mTorr. The deposition rate and thickness of the ﬁlm were
monitored by a quartz crystal detector, which was calibrated by modifying its tooling factor. During
the sputtering process, the sample holder was rotating to improve the smoothness of the ITO ﬁlm.
Finally, the deposited ITO ﬁlm was post-annealed for 30 minutes at the temperature the same as the
one of the deposition process.
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Figure 6.1: Diagram of the RF sputtering system, formed by high vacuum chamber, gas ﬂowing
system, target material (ITO), RF electric ﬁeld generator, magnets for conﬁning electric ﬁeld, rotating
sample holder which can also increase and monitor the temperature of sample, and quartz crystal
detector for monitoring the deposition rate and thickness.
The electrical and optical properties of ITO were inﬂuenced by the sputtering parameters, typically,
the RF power, the gas ratio (Ar:O2) and sample temperature, etc. We set the RF power at 70W with
different gas ratios and sample temperatures. The relationship between the fabrication conditions
and the properties of ITO will be presented and discussed in the characterisation part.
Figure 6.2 shows a typical ITO sample with a thickness of 100 nm, deposited on glass substrate
with a gas ratio of Ar:O2=20:1 and baking temperature of 300 ◦C. The thickness of the ITO ﬁlm was
measured using a surface proﬁler. High transparency could be observed by visual inspection.
Figure 6.2: Photograph of a 100-nm ITO ﬁlm deposited on a glass substrate.
6.2 Charaterisation of ITO
The ITO ﬁlms deposited under different fabrication parameters were characterised using both
electrical and optical approaches. The sheet resistance (Rs) and ENZ measurement results of different
ITO samples are presented here.
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6.2.1 Electrical characterisation
Conductivity (σ) is a signiﬁcant characteristic of ITO and reﬂects the carrier density of ITO, which
also inﬂuences the ENZ region, i.e. the higher carrier density, the shorter ENZ wavelength[62]. Here
we used Rs to represent the conductivity of ITO with an inverse relation of Rs = 1/(tσ), where
t was the thickness of the ﬁlm. The Rs of a ITO ﬁlm was also determined using the equation of
Rs = RW/L with measured resistance (R), width (W) and length (L) of the ﬁlm. Therefore, we could
quantitatively determine the electrical property of ITO by measuring its Rs.
We set the fabrication conditions as two groups. Group A samples had a constant deposition
temperature of 300 ◦C and Ar ﬂow of 20 sccm. The O2 ﬂow varied from 0 to 6 sccm. Group B
samples had a constant gas ratio of Ar:O2=20:0 and various deposition temperature from 100 to
450 ◦C. All samples were deposited at a RF power 70W and post-baking time of 30 minutes. The
parameters of the fabrication were listed in Table 6.1.
Reaction parameters
Sample Deposition temperature O2 ﬂow
A-1 300 ◦C 0 sccm
A-2 300 ◦C 1 sccm
A-3 300 ◦C 2 sccm
A-4 300 ◦C 3 sccm
A-5 300 ◦C 4 sccm
A-6 300 ◦C 5 sccm
A-7 300 ◦C 6 sccm
B-1 100 ◦C 0 sccm
B-2 150 ◦C 0 sccm
B-3 200 ◦C 0 sccm
B-4 250 ◦C 0 sccm
B-5 300 ◦C 0 sccm
B-6 350 ◦C 0 sccm
B-7 400 ◦C 0 sccm
B-8 450 ◦C 0 sccm
Table 6.1: The parameters used in the deposition of ITO ﬁlms with the thickness of 100 nm.
The measured Rs as a function of O2 ﬂow and deposition temperature was presented in Figure
6.3. All the Rs values were determined as the average of three measurements and the uncertainty of
each measurement was shown in the graph.
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Figure 6.3: The Rs of ITO samples deposited under conditions of different O2 ﬂows (a) and deposition
temperatures (b).
For group A, when the other parameters were ﬁxed, the Rs of ITO increased from 50 to 360
Ω/, along with the increasing of the O2 percentage. This was because the high O2 concentration
led to a higher proportion of oxygen element in the ITO molecular and thus reduced the conductivity
of ITO[207, 208]. To achieve low Rs and make the ENZ range shorter than 1600 nm, we used the
sputtering gas with only 20-sccm Ar at group B. The Rs reduced along with the decreasing of the
deposition temperature, with the value down to about 10 Ω/ at 450 ◦C.
6.2.2 Optical characterisation
In order to characterise the optical properties of ITO ﬁlms in the NIR regime and determine the
zero-permittivity wavelength, we used a setup similar to the characterisation apparatus used in
Chapter 3, but with the elements working at NIR range. A supercontinuum laser with a wavelength
range of 300-1600 nm was used to probe samples at normal incidence with s polarisation. The
collimated beam propagated through samples and then the transmitted and reﬂected signals were
collected and spectrally analysed with an optical signal analyser (OSA). To determine the inﬂuence
of the fabrication parameters on the ENZ region of ITO ﬁlms, all the ITO samples tested in this part
had the same thickness of 100 nm.
First, we investigated the effect of the gas ratio on the optical response of ITO ﬁlms. The gas ﬂow
of Ar was ﬁxed at 20 sccm and the ﬂow of O2 was set as 0, 1 and 2 sccm.The deposition power and
temperature were 70W and 300 ◦C, respectively. The other fabricated parameters were all the same
for different samples as well. The transmission (T) and reﬂection (R) of these three ITO ﬁlms were
presented in Figure 6.4.
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Figure 6.4: The transmission (a) and reﬂection (b) of different ITO ﬁlms which were fabricated at
different gas atmospheres, i.e. Ar ﬂow of 20 sccm and O2 ﬂow of 0, 1 and 2 sccm.
As the ﬂow of O2 increased from 1 to 2 sccm, the transmission of the ITO ﬁlm increased by about
5%, while the reﬂection reduced by about 5%. In these conditions, the transmission and reﬂection
did not change much along with the wavelength increasing. These phenomena were due to the
oxygen proportion increasing in the ITO molecular, and thus the ITO became more dielectric. This
effect was also veriﬁed by the decreasing of conductivity, discussed in the electrical characterisation
part. When the ﬂow of O2 decreased into 0, the transmission and reﬂection of ITO showed high
sensitivity to wavelength, i.e. the transmission dropped more than 5% and the reﬂection increased
by about 5% when the wavelength varied from 1200 nm to 1600 nm. This was caused by the presence
of the ENZ region.
We obtained the real and imaginary parts of permittivity of the ITO ﬁlms using the standard
retrieval method introduced in Chapter 3, based on the transmission and reﬂection shown in Figure
6.4 (a) and (b). The retrieved epsilon was plotted in Figure 6.5, as a function of wavelength.
Figure 6.5: The retrieved epsilon (real (a) and imaginary (b) parts) of the ITO samples that retrieved
based on the transmission and reﬂection presented in Figure 6.4.
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The real part of epsilon of the ITO samples decreased along with the decreasing of the O2 ﬂow
during the deposition (Figure 6.5 (a)). The ITO samples with 1- and 2-sccm O2 ﬂow in fabrication
had a constant value of the real part of epsilon, at about 0.5 and 1.6, respectively, while the sample
fabricated without O2 had a decreasing value as the function of wavelength and the value crossed
zero at the wavelength of about 1550 nm. In addition, the sample fabricated with O2 ﬂow of 1 and 2
sccm exhibited low optical loss, but the sample with no O2 ﬂow in fabrication showed the higher
value of the imaginary part of the epsilon, which also was highly sensitive to the wavelength (Figure
6.5 (b)). These effects were also due to the dielectric and ENZ response of different samples. Based
on this, we estimated that the ITO ﬁlm fabricated under the condition with higher O2 ﬂow (>2 sccm)
and other same parameters would not show ENZ response at the wavelength shorter than 1600 nm.
Additionally, this also requested us to fabricate the ITO ﬁlms at a low or zero O2 atmosphere to
achieve the ENZ condition at NIR range. Additionally, this is why we did not measure all the ITO
samples in group A.
Then, we controlled the gas atmosphere of the only Ar with a ﬂow rate of 20 sccm, and changed
the deposition temperature (Tem) during the fabrication of ITO samples. The deposition temperature
was set as 100, 200, 300, 350 and 400 ◦C, respectively. The transmission (T) and reﬂection (R) of these
ITO ﬁlms were shown in Figure 6.6. The T and R did not change correspondently with the increasing
temperature, so we need to check the permittivity of these samples. The retrieved epsilon based on
these transmission and reﬂection results showed clearly relationship between the ENZ range and the
deposition temperature, as sketched in Figure 6.7.
Figure 6.6: The transmission (a) and reﬂection (b) of different ITO ﬁlms which were fabricated at
different deposition temperatures, varied from 100 to 400 ◦C, and the gas atmosphere of only 20-sccm
Ar.
At the wavelength range from 1200 to 1600 nm, the real part of epsilon of the ITO samples
105
6.3. Applications of ITO associated with EBID
decreased along with the increasing of the deposition temperature. Additionally, the zero-permittivity
wavelength went shorter for higher deposition temperature, for example, the ITO sample with the
deposition temperature of 400◦C showed zero permittivity (real) at the wavelength of about 1280 nm,
while the sample with the deposition temperature of 300◦C had a permittivity (real) reaching zero at
the wavelength of about 1550 nm. Besides, Figure 6.7 (b) showed the imaginary part of the epsilon of
these ITO samples and indicated a general decreasing trend as the deposition temperature increased.
This is due to the higher temperature was able to improve the smoothness and uniformity of the ITO
thin ﬁlms[209].
Figure 6.7: The retrieved epsilon (real (a) and imaginary (b) parts) of the ITO samples that had the
transmission and reﬂection presented in Figure 6.6.
These results also promised that the ENZ condition of the ITO ﬁlm could be manipulated by
controlling deposition parameters, such as the gas ratio and deposition temperature, which agreed
to the results reported in literature[210–212].
6.3 Applications of ITO associated with EBID
As ITO shows high transparency, low resistivity and ENZ effect, we plan to combine ITO platform
with some nanopatterns to realise typical optical response and applications. The ENZ properties
of ITO at NIR range promise the possibility to realise the applications such as peculiar light
propagation[126, 213, 214] and nonlinear response[215, 216]. Additionally, the manipulating of the
optical response can be achieved via introducing nanoplasmonic features[217–219]. By decorating the
ENZ ITO ﬁlm with typical nanopatterns, we can obtain speciﬁc optical properties. For instance, the
tuning of nanoantenna resonance due to the presence of ITO substrate in the ENZ regime has been
reported in literature[220]. The fabrication of these nanofeatures needs nanostructuring approaches,
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e.g. the standard EBL technique, which require complex preparation processes and limit the freedom
of nanopattern design in some ways. Here we propose a nanostructure fabricating method based on
direct EBID. Without wet lithographic steps and exact spatial arrangement, the EBID approach is able
to create 3D metal and dielectric features with nanometric resolution and positional accuracy. Using
this method, we design a ITO/nanohelix platform to realise the enhancement of optical chirality.
The following subsections will ﬁrst present the EBID process and then the initial results.
6.3.1 EBID process
To fabricate nanofeatures using EBID approach, we used a Raith E-line plus electron beam litho-
graphic system, as sketched in Figure 6.8. We take the deposition of W helix array on ITO substrate
as an example.
Figure 6.8: Diagram of the EBID process to depositing W nanohelices on top of the ITO substrate.
EBID approach realised the deposition by focusing electron beam onto speciﬁc gas precursors,
which injected in the chamber in the proximity of the target[221, 222]. The desired gases were
injected locally by a gas injection system. When the precursor gases containing target compound
is added to the system, gas molecules are cracked by the FEB at the focused point and the free
atoms reunion at the patterning area which leads to a deposition structure. To deposit W, a suitable
precursor was used here, based on the compound tungsten hexacarbonyl (W(CO)6). The precursor
gas molecules split under the probe of the FEB, followed by the reunion and solidiﬁcation of W and
carbon (C) atoms. We used a deposition current of 150 pA, an acceleration voltage of 3 kV, and a
dose of 1 C/cm2, at room temperature.
107
6.3. Applications of ITO associated with EBID
Using EBID method, we have managed the fabrication of various nanopatterns on different
substrates, which presented in Figure 6.9.
Figure 6.9: SEM images of different nanopatterns deposited on different substrates using EBID
approach. (a) W nanohelix array on Si substrate. (b)-(d) Pt spiral dot matrix, nanoattenna and
concentric microcircles on ITO substrates. (e) Standing Pt nanoantennas on ITO coated microsphere.
(f) Standing Pt nanoantenna on a NW embedding QDs. (g)-(h) Pt spiral dot matrix and nanohelices
on micropillars embedding QDs.
6.3.2 Optical chirality of nanohelix on ITO substrate
Here, we show the nanohelix on an ITO substrate fabricated using EBID method, to achieve the
chiral response of different circular polarised light.
Chiral response at both photonic and plasmonic regime attracts wide attention nowadays[223,
224]. Speciﬁcally, the helical MMs, as 3D chiral features, offers an approach to manipulate the
optical behaviour of circularly polarised light[40]. It has been reported in both theory[23, 225] and
measurement[40, 226] that the metal helix structures show the circular-polariser phenomenon in
broadband, i.e. the helix is able to block the circularly polarised light with same rotation (polarisation),
but permit through the light with reversed rotation (polarisation).
We design a structure formed by W nanohelix arrays and the ITO substrate, illustrated in Figure
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6.10 (a). A ITO thin ﬁlm is deposited on a cleaned glass substrate and the W nanohelices are located
on the surface of the ITO layer periodically. Figure 6.10 (b) sketched an individual helix with a
right-hand rotation. According to refs[225, 227], this helix array shows high transmission for the
LHCP light but extremely low transmission for the RHCP light. Additionally, the array period (P),
diameter (D), wire diameter (d), pitch hight (H) and pitch number (N) will determine the working
wavelength. In general, larger N and H leads to broader working wavelength band, larger P, D and d
shifts the centre of the working wavelength to longer range[225, 227].
Figure 6.10: (a) Diagram of the W nanohelix array with a period of P locating on ITO/glass substrate.
(b) Diagram of an individual W nanohelix with diameter D, wire diameter d and pitch hight (axial
period) H.
Figure 6.11 (a) presented the SEM image of the W nanohelix array with an array period of about
1.5 μm. Figure 6.11 (b) showed the magniﬁed SEM image of W nanohelices with the size parameters
of D≈600 nm, d≈20 nm, H≈700 nm and N=2.
Figure 6.11: (a) SEM image of the W nanohelix array, viewed from top. (b) Magniﬁed side-view SEM
image of W nanohelices, marked with red dashed frame in (a).
To test the optical response of this helix/ITO sample, we built a setup sketched in Figure 6.12.
The light source was generated by a supercontinuum laser and collimated by two coupled lenses.
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Additionally, an adjustable diaphragm was used to control the beam proﬁle of the input light. After
that, a linear polariser and a quarter-wave plate were placed with the angle between their optical
axes set as +45 and -45 ◦C to realise the RHCP and LHCP conditions, respectively. The circularly
polarised beam probed the sample at normal incidence and the transmitted beam was divided by a
beam splitter into two arms: the imaging system formed by a lens and a electron multiplied charge
coupled device (EMCCD); the spectrum analysis system consisted of a lens and a spectrometer.
Figure 6.12: Diagram of the apparatus used for determine the transmission of the helix/ITO sample
in different circular polarised condition.
By probing the helix/ITO sample with RHCP and LHCP lights, we obtained the transmitted
signals at the helix/ITO region (T(helix)) and the blank ITO region (T(substrate)). We deﬁned the
transmission of the W helix pattern as T(helix)/T(substrate). Figure 6.13 showed that the LHCP light
exhibited higher transmission with an average value of 2.5% than the RHCP light, for the right-hand
rotated helix array. The transmission difference between the two circular polarised light was not as
high as the results reported by refs[226, 227], which was due to the small pitch number we used
here, i.e. the helix rotated only 2 loops. The 2-loop helix was not able to conﬁne all the energy of the
circularly polarised light with the same rotation direction.
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Figure 6.13: The transmission of the W helix pattern probed by RHCP and LHCP lights, respectively.
To investigate the optical behaviour of the nanohelix array on the ITO substrate at the ENZ range,
we still need to design and fabricate multi-loop helix array with working wavelength at NIR.
6.3.3 Enhancement of WGM
Another application of the ITO was designed to be combined with the microsphere to enhance the
whispering gallery mode (WGM) for the application of lasing[228] and sensing[229].
We designed a structure formed by ITO coated SiO2 microsphere and Pt antenna to realise
the high-quality-factor resonator. Figure 6.14 illustrated the diagram of light coupled into the
antenna/ITO/microsphere structure using a prism platform. The Pt antenna was used to increase
the coupling efﬁciency of light from prism to the microsphere. Between the antenna and microsphere,
we planned to deposit a thin ITO layer to increase the quality factor of the microsphere cavity due
to the low refractive index of ITO, and also modify the wavefront of the coupled light beneﬁting
from the ENZ effect of ITO. This was an initial design, and further numerical and experimental
investigations would be needed.
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Figure 6.14: Diagram of the light coupled into a microsphere structure with the help of prism
platform (a) and the magniﬁed sketch of the antenna/ito/microsphere structure (b). The coupled
signal of the microsphere can be collected by a detector via an optical ﬁbre.
Figure 6.15 presented the fabrication process of the microsphere. The SiO2 microsphere was
fabricated using an optical ﬁbre melted by a CO2 laser with an output power of 3W. Before the
laser probing, the optical ﬁbre with a diameter of 125 μm was cleaved and cleaned with acetone and
IPA ultrasonic bathing. Then, the high-power beams were focused onto the end of optical ﬁbre and
melted the sharp end into a microsphere.
Figure 6.15: Diagram of an optical ﬁbre before (a) and after (b) the probing of the CO2 laser.
Then, the microsphere was coated with an ITO layer with a thickness of 100 nm, fabricated using
the RF sputtering with deposition temperature of 300 ◦, Ar gas ﬂow of 20 sccm and other parameters
same as the ones described in Section 6.1. The Pt antenna was fabricated using EBID method. Figure
6.16 (a) showed the ITO coated microsphere and optical ﬁbre. The ITO was deposited from the top
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side, and thus the back bottom side of the sphere remained uncoated. The Pt antenna located on the
microsphere where the region marked with red dashed frame in Figure 6.16 (a) and shown in 6.16
(b) clearly.
Figure 6.16: SEM images of the ITO coated SiO2 microsphere and optical ﬁbre (a), and the Pt antenna
(b) fabricated on top the microsphere using EBID approach.
This project was just started before the submission of this thesis and needed more investigation
about the prism coupling process.
6.4 Photonic trimming of QDs emission using EBID approach
In this section, we demonstrated an approach to conditioning the emission of QDs located in different
hosts, via decorating the QDs with plasmonic nanopatterns fabricated using EBID method.
6.4.1 Motivation
The QDs are very sensitive to their photonic environment and their emission behaviours, e.g. life-
time[230] and quantum efﬁciency[231], can be manipulated via introducing speciﬁc nanofeatures[232,
233]. By introducing plasmonic cavities, the single photon emitting can be achieved[234]. The key
requirements are the high quality factor and the low modal spatial volume, and these characteristics
also beneﬁt the emission threshold minimising and the efﬁciency increases. Additionally, shortening
lifetime will also contribute to the increase of emission efﬁciency and modulation speed.
There are several platforms occur to engineer the QD emission. One candidate is dielectric
resonators[107, 235] that have high quality factor but large modal volumes and long photon lifetimes.
This kind coupling structure includes photonic crystal cavities, micropillars and microdisks[236, 237].
The other approach is based on plasmonic nanoresonators[110, 238], which have dramatically smaller
modal volumes and photon lifetimes, but at the cost of high absorption losses and low quality
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factors. According to the choice of platform, the most promising method to realise the efﬁcient single
photon emission is by choosing and designing a suitable photonic environment. During this process,
the main limitation, the stringent positioning of QDs, needs to be overcome. For this purpose,
there have been several solutions, such as locating and decorating QDs using AFM[239, 240] or
photolithographic techniques[241, 242], the realisation of polymeric waveguides around QDs which
dispersed in bulk polymers[243, 244], and positioning and post fabricating nanoparticles in proximity
to randomly located QDs using hot-tip lithographic patterning and other approaches[245–247].
In this work, we propose another platform to engineering the QD emission based on a new
technique, EBID. The EBID approach is able to directly fabricate nanopatterns on top of NWs with
the ﬂexibility of design of the plasmonic platform and the relaxation of the alignment requirements.
Typically, we design and deposit a sub-wavelength Pt grating on a core-shell GaAs/AlGaAs NW
that contains GaAs QDs using EBID method to trim the emission of QDs.
According to the optical plasmon effect in the NW, the emission of QDs is compressed is speciﬁc
directions as the NW plays as a role of nanoresonator here[248, 249]. In order to manipulate the
polarisation of the emission light, we design this sub-wavelength Pt grating because of its directional
coupling effect. Typically, the grating structure is able to outcouple the light along its stacking
direction and this will be demonstrated in this section. By design the location and orientation of the
grating structure, we could tune the polarisation distribution of the emission of QDs.
Using this method, we succeed in the modiﬁcation of the polarisation state of QD emission and
the enhancement of the emission efﬁciency with an associated reduction in radiative lifetime of QDs.
Additionally, we fabricate several Pt nanopatterns on top of GaAs pyramids embedding indium
gallium arsenide (InGaAs) QDs and enhance the emission of the QDs.
6.4.2 QDs embedded in NWs
6.4.2.1 Fabrication
The GaAs QDs and core-shell GaAs/AlGaAs NWs were ﬁrst fabricated using MBE process on GaAs
substrate using the same approach described in Chapter 3. Then, the NWs contained QDs were
detached and transferred onto a marked SiO2/Au/Si substrate via direct contact method (Figure
6.17). The SiO2/Au marks on the Si substrate were fabricated using standard EBL procedure, which
formed by ﬁrst coating the Si substrate with Au and SiO2 layers and then the back etching of the SiO2
layer to show the number Au marks. This step helps the deterministic location and measurement of
individual NWs.
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Figure 6.17: Transfer process of core-shell GaAs/AlGaAs NWs embedding GaAs QDs from GaAs
substrate to marked SiO2/Au/Si substrate and the following EBID process.
The ﬁnal step of fabrication was the decoration of the selected NW with a sub-wavelength
Pt grating using EBID technique. To deposit Pt, a suitable precursor was used here, based on
the compound methylcyclopentadienyl trimethyl platinum (MeCpPtMe3). The deposited material
consists mostly of Pt atoms in a carbon matrix, with dilution percentage that varies from 10% to up
to 100% Pt, depending on the speciﬁc deposition parameters and post-fabrication procedures[250].
During the EBID process, we used a deposition current of 150 pA, an acceleration voltage of 3
kV, and a dose of 1 C/cm2, at room temperature, and these parameters produced an expected Pt
percentage of 30%[251]. Although the choice of the Pt depended on the precursor availability, this is
a simple limitation of our instrument but not of the approach. To extend the choice of depositing
materials, suitable precursors and systems are needed, for instance, the deposition of Au can be
realised in IBID systems[252].
Figures 6.18 shows SEM images of the NW before (bare) and after (dressed) the deposition of the
Pt grating, respectively. The grating was made of Pt wires with the width of 50 nm and thickness of
100 nm, and have a period of 250 nm. We designed the grating based on the parameters to coupling
the optical mode in the NW with a guided mode and an effective index of 3.6[108, 253]. As visible
in Figure 6.18 (b), every Pt NWs were all perfectly aligned with the designed parameters and only
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covering the top surface of the GaAs/AlGaAs NW. The SEM images give the clear viewing of the
GaAs/AlGaAs NW that suspends over a SiO2 trench which is the part of the mark on the substrate.
According to the refractive index difference between the NW and the substrate (and/or air), we
exclude that this conﬁguration will not show signiﬁcant effect on the emission of QDs.
Figure 6.18: The SEM image of the NW on the marked SiO2/Au/Si substrate before (a) and after (b)
the deposition of sub-wavelength Pt grating.
Furthermore, in the measurement part, we compared the signal of the QD emission directly on
the bare and dressed NW, without any position changing of the NW based on the alignment marks.
This is made to remove any potential minor contribution from the uneven substrate.
6.4.2.2 Results
We used a micro-photoluminescence (MPL) system (Figure 6.19)[254, 255] to measure and analyse
the emission of QDs embedded in the NW before and after the Pt grating deﬁnition.
The sample was loaded in the cryostat which was the identical one shown in Figure 3.25. The
optical measurement setup was divided into three parts. First, the upper arm in Figure 6.19 with
EMCCD is able to image the sample. With the help of the motorised stage, halogen source and
EMCCD, the selected NW can be illuminated and easily positioned. Second, the sample was pumped
with a focused CW laser beam with a wavelength of 405 nm. The emission of QDs were collected
using an objective and routed with two beam splitters (BSs) toward a spectrometer for analysis. Prior
to the spectrometer, a long-pass ﬁlter (LPF) was inserted to removing the pump and illumination
signals. Additionally, a linear polariser mounted on a rotating stage could be set prior to the LPF to
identify the polarisation state of the QD emission. The third path was formed with a 800 fs pulsed
laser (80 MHz) for exciting QDs and a time-resolved photoluminescence (TRPL) system[120] for
determining the radiative lifetime of QDs.
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Figure 6.19: The detailed diagram of the measurement optical path of the QD emission. The system
is consisted of pump sources(CW laser or pulsed source), illumination source (halogen source),
light-matter interaction platform (cryostat), sample position locating path (EMCCD), PL spectrum
analysing path (spectrometer), photon lifetime detecting path (TRPL), and other optical elements.
The photograph of NWs located on the marked substrate are also attached here. The shiny spots on
NWs come from the emission of QDs when pumped with CW laser.[256]
Figure 6.20 (a) and (b) show the emission spectra of QDs pumped with sample power before and
after the deposition of Pt grating, respectively. These two spectra were measured without the linear
polariser and showed that the emission wavelength of the (single) QD was about 674 nm and did not
shift after the introducing of the sub-wavelength metallic pattern. However, the Pt grating showed
an effect that reducing the emission intensity greatly, by about 75%. This could be resulted from the
high absorption losses introduced by the metallic structures.
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Figure 6.20: Spectra of QD emission collected from the bare (a) and dressed (b) NWs without the
polariser before spectrometer.
To determine the effect of the Pt grating to the radiative property of QDs, the pumped source
was switched into the pulsed laser with similar pumped power for both bare and dressed samples,
shown in Figure 6.21. The QDs before and after the deposition of Pt nanofeature exhibit a similar
trend for the curve of emission intensity as a function of pump power. Typically, the gradient of the
two curves is almost the same when the pumped power of the laser is around 20μW.
Figure 6.21: The emission intensity of QDs as a function of pump power for both bare and dressed
NWs.
By pumping the bare and dressed NWs with the pulsed laser with same power (20 μW), we
obtained the photon lifetime of QDs (Figure 6.22) using the TRPL approach. The comparison between
Figure 6.22 (a) and (b) indicates that the dressed NW exhibits a 17% reduction in lifetime compared
to the bare NW.
From the measurement of emission intensity and lifetime alone, we cannot directly ﬁnd the
reason for the reduction in the lifetime, because we are not sure whether the decreasing results from
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a radiative or non-radiative contribution[231, 257], since the metallic grating with high optical losses
is able to absorb the emission but also increase the overall efﬁciency.
Figure 6.22: The measured radiative lifetime (τ) of QDs before (a) and after (b) the depositing of Pt
grating.
To investigate the detailed mechanics of the light-matter interaction between the QD emission
and the Pt grating, typically the coupling dynamics, we mounted a linear polariser (Figure 6.19)
prior the spectrometer and pumped the bare and dressed NWs with the CW laser (same power).
Figure 6.23 (a) and (b) show the emission intensity vs. the polarisation direction before and after
the deﬁnition of the Pt grating, respectively. Due to the presence of the plasmonic nanopattern, the
polarisation shape of the QD emission changed drastically, almost in 90
◦
. The dressed NW mostly
emits with polarisation along its long axis (x direction in Figure 6.18 (b)), while the bare NW emits
photons mostly polarised perpendicular to the long axis (y direction in Figure 6.18 (b)).
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Figure 6.23: Measured results of the polarisation state of QDs emission before (a) and after (b)
decorating NWs. (c) The intensity ratio (between dressed and bare NW) vs. the polarisation direction
to show the emission enhancement at speciﬁc polarised direction.
The quantitative comparison of the polarisation state between the bare and dressed NWs are
plotted in Figure 6.23 (c) via displaying the ratio of the emission intensity between them. The
comparison shows a maximum enhancement of the collected emission in the order of 45%, along the
x direction.
6.4.2.3 Discussion
The QD grown on the facet of NW can be considered as the dipole that oscillate along y direction[108,
258]. The emission of this dipole is coupled to one of the photonic modes of the NW with a high
refractive index. By introducing the Pt grating with speciﬁc spatial parameters, we are able to
suppress the component oscillating perpendicular to the long axis of the NW (y direction), but
meanwhile improve the out-coupling of the component along the x direction, with an associated
reduction in the photon lifetime.
The coupling mechanics between the emission and Pt grating can be generally analysed based on
a couple of assumptions, i.e. a simpliﬁed model of the NW[108] and the direct comparison of the
emission properties between bare and dressed NWs.
The recent researches into the QD/NW model show that the emission efﬁciency has strong
dependency to the speciﬁc position of the QD in the NW and also the orientation of the NW on the
substrate[108]. This approach of constructing nanofeartures at the position of QDs directly promises
a further dramatic enhancement of the emission, with the ability to tailoring the polarisation state.
The NW embedding QDs with peculiar lasing mode shows excellent potential in the ﬁeld
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of near-ﬁeld imaging, for example, conjugating with AFM systems[240] or cathodoluminescence
techniques[108], and also in the detecting of emission efﬁciency. Besides, these approaches can be
automated and integrated into the workﬂow process, to scale up the technique[259]. Additionally, in
speciﬁc procedures, the alignment markers in the substrate will beneﬁt the locating of NWs which
and thus make it easier to determine the most suitable plasmonic structures within a library of
available geometries, after the topological or photonic characterisation. Both the alignment accuracy
and the deposition time are typical of nanolithographic processes; therefore, it is expected that the
throughput will be comparable with standard fabrication methods.
6.4.3 QDs embedded in pyramid structure
Here, we used another kind of QDs embedded in a pyramid structure[260, 261], sketched in Figure
6.24. Our collaborators prepared the pyramid samples. The multilayer pyramid structure were
deposited using MBE approach and transferred onto GaAs substrate. The bonding process between
the pyramid and substrate were realised using two approaches, i.e. the Au-AuSn-Au reﬂow approach
and SU-8 spin-coating approach.
Figure 6.24: Diagram of an InGaAs QD embedded in a GaAs/AlGaAs/GaAs multilayer pyramid
structure.
First, the pyramids were bonded onto the GaAs substrate using Au-AuSn-Au reﬂow approach.
We decorated the pyramid with different Pt nanopatterns, such as nanoantenna, nanohelix and
nanogratings, using EBID technique. The SEM images of these patterns were shown in Figure 6.25.
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Figure 6.25: SEM images of Pt nanoantenna (a), Pt nanohelix (b) and Pt nanogratings deposited on
the pyramid structure using EBID approach.
We pumped these samples before and after the deﬁnition of Pt nanopatterns, found that the
bleaching effect occurred in their emission. This problem may due to the damage of the QDs or
their environment during the fabrication process. Hence, we used another approach to bonding the
pyramid and substrate via SU-8 spin coating. Figure 6.26 (a) sketched the bonding diagram. The
SU-8 coated most of the pyramid except for the top end, which could be seen in the SEM image
shown in Figure 6.26 (b). By introducing the SU-8 layer, we prevented the bleaching issue.
Figure 6.26: (a) Diagram of the pyramid structure bonded onto the GaAs substrate using SU-8 spin
coating approach. (b) SEM image of the SU-8 bonded pyramid, viewed from top.
Using EBID approach, we designed and fabricated various nanopatterns with different materials
and sizes, to decorating the pyramid and manipulating the emission of the QDs inside. Figure 6.27
presented these patterns, such as Pt and SiO2 nanoantennas and SiO2 nanodooms.
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Figure 6.27: SEM images of various nanopatterns deposited on the SU-8 coated pyramids: (#1)-(#3)
Pt nanoantennas; (#4)-(#9) SiO2 nanoantennas; (#10)-(#16) SiO2 nanodooms.
The emission of these samples was obtained and shown in Figure 6.28. The introducing of nano-
patterns indeed enhanced the emission of QDs embedded in the pyramid structures. Additionally,
the SiO2 patterns showed a more signiﬁcant enhancement of the emission of QDs. To determine the
relationship between the nanopattern and the QD emission, we needed to deposit more patterns on
pyramid/QD structures with controlled parameters, and also measure the emission before and after
the decoration.
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Figure 6.28: Emission of pyramid/QD samples decorated with different nanopatterns compared to
the emission of control pyramids (no decoration).
6.5 Conclusion
We have demonstrated the fabrication of ITO thin ﬁlms using RF magnetron sputtering approach
under different gas atmospheres and deposition temperatures. As the O2 gas concentration decreases,
the Rs of ITO ﬁlm drops down, i.e. the conductivity increases, and the ENZ effect starts to present
at the wavelength range varied from 1200 to 1600 nm. Along with the deposition temperature
increasing, the conductivity of ITO ﬁlm increase as well and the zero-permittivity wavelength tends
to short range. By combining ITO with nanohelix array and microsphere, we propose the approaches
to enhance or manipulate the optical response of circularly polarised light or the WGM.
With the help of EBID technique, we directly fabricated nanopatterns to decorate the QDs
embedded in different hosts and manipulated the emission properties of QDs. Typically, we
deposited a sub-wavelength Pt grating on top of a core-shell GaAs/AlGaAs NW hosting GaAs QDs
and realised the photonic trimming of the emission property of QDs. The presence of Pt grating
enhance the collection efﬁciency of the QD emission by 45% at the polarisation along the long axis of
the NW, with an overall reduction in the photon lifetime of 17%. In addition, the SiO2 nanoantenna
and nanodooms also exhibited dramatic enhancement of the emission of InGaAs QDs embedded in
GaAs/AlGaAs/GaAs multilayer pyramid structure.
The EBID fabrication approach, based on the post-fabrication and alignment-free advantages, is
able to deposit various nanopatterns on different substrates to photonic engineering of quantum
emitters and manipulating optical responses. We believe that these approaches will open the door to
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realising new efﬁcient quantum sources even at the single photon level and create new platforms of
quantum sources at further applications.
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Chapter 7
Conclusion
7.1 Thesis summary
This thesis has shown two methods to design and fabricate ENZ MMs. One is using the multilayer
structure formed by sub-wavelength unit layers with positive (dielectric) and negative (metal or
graphene) permittivities. This structure has the effective permittivity with a vanishing real part at
desired frequency ranges and has been combined with ﬂexibility using a sacriﬁcial-layer assisted
transfer method. The other approach is to operate ITO close to its plasma frequency. The permittivity
of ITO is determined by the fabrication parameters and can be manipulated into zero in the NIR
regime. Using these ENZ platforms, we can obtain peculiar optical response, such as the emission
enhancement. Furthermore, by depositing speciﬁc nanofeatures on ENZ substrate using EBID
technique, we propose different designs to realise typical optical behaviour.
The motivation of this work was introduced in chapter 1 and 2, which was corresponded to
the exotic photonic properties of ENZ MMs. The artiﬁcial materials with vanishing permittivity
supported unique optical behaviours, for example, the diverging wavelength and constant phase
occurring at the light-matter interaction. Different approaches had been developed to achieve the
ENZ response, including tuning the modal dispersion in narrow plasmonic channels, exploiting
the natural dispersion of TCOs and creating a composite structure with metals and dielectrics.
Additionally, ENZ media also exhibited enormous potentials in the photonic and plasmonic regimes,
such as asymmetry transmission, non-diffraction imaging, enhanced directive emission and enhanced
non-resonant optical nonlinearity.
To realise the ENZ structure, a typical fabrication and characterisation protocol of the metal/dielectric
multilayer model were demonstrated in Chapter 3. The e-beam evaporation approach was utilised
to deposit Ag and SiO2 nanolayers. In order to optically characterise the component materials
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and multilayer structures, we developed a retrieval method which was able to obtain the effective
permittivity of a target ﬁlm using measured transmission, reﬂection and total thickness. This chapter
also showed that the characterised multilayer ENZ media could enhance the emission of QDs.
The fabrication of the sub-wavelength multilayer structure usually required nanofabrication
techniques developed for ﬂat and rigid substrates, which were not always applicable to arbitrary-
shaped optoelectronic devices. To break these limitations, we design and experimentally demonstrate
an optical free-standing and low-loss ENZ membrane in Chapter 4, by stacking polymer (SU-8) and
Ag nano-layers periodically. The ﬂexible ENZ MM exhibited almost unchanged optical properties
after repeated macroscopic and sustained mechanical deformations (up to 10000 cycles), and also
ﬁtted surfaces with a radius of curvature of the order of few microns. Additionally, in Chapter 5, we
proposed a method to introduce both ﬂexibility and electrical tunability into ENZ media by replacing
the metal layer with graphene in the multilayer model. The multilayer graphene/PMMA membrane
was fabricated, but due to its weak strength and uniformity, we could not obtain the ENZ responses
from this structure. Then, in order to electrically tuning the permittivity of graphene-based ENZ
media, Chapter 5 also presented the initial test of the optical response of graphene/ZnSe structure
with the different voltage applied. This result offered the possibility of tuning the graphene-based
ENZ media via modifying gate voltages.
Finally, the other ENZ platform, ITO, was fabricated and optically characterised in Chapter 6. By
controlling the gas ratio and deposition temperature in the RF magnetron sputtering process, we
managed to manipulate the ENZ region of ITO thin ﬁlms at NIR range. The ENZ ITO was designed
to be combined with different photonic features, including nanoantenna and nanohelix, to realise
enhanced optical coupling and chirality. The nanopatterns were fabricated directly utilising a new
approach, EBID. Using this technique, we fabricated various metallic and dielectric nanofeatures
on different substrates, typically randomly distributed NWs and nanopyramids, to realising the
photonic trimming of quantum emitters.
7.2 Outlook
The primary goal of this thesis, i.e. the design, fabrication and typical applications of ENZ MMs,
has been achieved. The fabrication and characterisation approaches offer us great potentials to
manipulate the optical properties of ENZ media, while there are various research areas need to be
investigated and accomplished. The following part of this section will outline the most promising
applications in further research procedures.
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7.2.1 Superlensing
In Chapter 1, we discussed that the ENZ media could realising the superlensing, i.e. the non-
diffraction imaging. This application is based on the lack of spatial dispersion while light travelled
through the ENZ medium.
To realise this, we have ﬁrst obtained the free-standing ENZ membrane, which is demonstrated
in Chapter 4. The ﬂexible ENZ membrane can be curved and conformed onto different substrates
and irregular objects. The next step is coating this ﬂexible ENZ membrane onto emitters or light
sources. The curved ENZ structure is able to separate the emission of two light sources located with
a distance smaller than the diffraction limit. Then, in the farﬁeld, the two sources can be recognised,
and thus the non-diffraction imaging is achieved. Using this approach, we are possible to realise the
superlensing in practice.
7.2.2 Graphene based ENZ MMs with electrical tunability
Our initial result shows that the transmission of graphene/ZnSe bilayer structure is manipu-
lated by applying different voltages. This also promises that the effective permittivity of the
graphene/dielectric structure can be electronically tuned.
In the following, we need to realise the multilayer graphene/dielectric structure by stacking
the bilayer structure periodically to achieve effective zero permittivity based on EMT. Additionally,
by applying voltage to the whole structure, we can realise the tuning of the effective permittivity.
This is a new way to realise low-loss ENZ media. Due to the high ﬂexibility of graphene and also
the electrical tunability of the multilayer structure, we can manipulate the optical response of this
structure in both mechanical and electronic ways.
Furthermore, the phase of the unit layer in the multilayer structure can be modiﬁed by applying
different voltages in each graphene layer. This approach is able to realise the 3D imaging.
7.2.3 Enhanced optical coupling using antenna/ITO structure
We have shown the initial design of the WGM that can be launched by coupling light from a prism to
the microsphere, made form the melting optical ﬁbre. To realise this, we ﬁrst deposit Pt nanoantennas
onto the ITO coated microsphere using EBID approach. We aimed to increasing both the coupling
efﬁciency and quality factor by using this structure. Further measurements are need to be launched
to test this design.
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If this model worked, we would be able to enhance the coupling efﬁciency using ENZ platform
and ﬁnd a alternative technique for scanning near-ﬁeld optical microscopy (SNOM).
7.2.4 Enhanced emission of QDs using directive fabricated SiO2 nanoantenna
The enhancement of the emission of QDs using nanoscale dielectric lens or antenna is important for
the applications of quantum emitters. Beneﬁting from the direct fabrication method, EBID, we have
realised the design and deposition of various SiO2 nanoantennas on QDs hosted by micro-pyramids.
The initial results qualitativelyshow that the SiO2 nanoantennas do have the capability to enhance
and trim the emission of QDs, which is encouraging for the following tests.
The further investigation of the QDs emission before and after the antenna coating need to be
processed. We believe that the size of the SiO2 antennas will be the key parameters to control the
enhancement of the QDs emission.
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